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1.1 Background and goal of the experiment 
1.1.1 Introduction 
The recent discovery of interstellar molecules of which a 
majority is observed in conditions strongly deviating from 
thermal equilibrium, formed a new stimulus to study the popu-
lation transfer in these molecules caused by collisions. Colli-
sional and radiative processes are in competition in these low 
density interstellar clouds in determining the population dis-
tribution over the energy states of the transitions observed. 
The radiative population transfer processes are generally well 
understood theoretically in terms of selection rules and tran-
sition probabilities and the theory is exhaustively verified 
experimentally in spectroscopic work. For the collision-induced 
population transfer we are far from this goal. Only for very 
simple systems, e.g. H_-H-, exact quantum mechanical methods 
are available to solve the Schrodinger equation describing the 
inelastic scattering process and to obtain cross sections for 
collision-induced transitions. Reliable ab initio predictions 
are also possible for the inelastic cross sections in the 
limiting case of a long range dipole-dipole interaction when 
perturbation theory can be used. However, the collision partners 
of astrophysical interest, mostly a polar molecule with H_ (or 
He), form too complex systems for an exact theoretical approach. 
This thesis describes an experimental investigation of 
the collisional population transfer in ammonia in collisions 
with H„ using a molecular-beam maser spectrometer equipped with 
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a secondary beam. Interstellar ammonia forms a useful probe of 
the physical conditions inside interstellar clouds, while ter­
restrial ammonia was and is the most suitable molecule for 
molecular-beam maser investigations. Of the two candidates men­
tioned above Η-, the most abundant molecule in the interstellar 
space, is the most obvious choice of the secondary beam mole­
cule in our maser. Laboratory data on collisional population 
transfer in ammonia in collisions with H are of direct astro-
physical interest. These data are, for want of a better theory, 
compared with results of a perturbation theory based on classi­
cal trajectories. In order to check the performance of the 
beam maser scattering machine also dipole-dipole systems are 
studied for which the experimental behaviour can be predicted 
theoretically. 
1.1.2 Interstellar camonia 
Ammonia was the first polyatomic molecule detected in the 
interstellar medium by a group of the University of California 
(CHE 68) in 1968. Initially the J=K=1 inversion line of NH at 
23.694 495 487 GHz was detected in emission from a region of 
small angular extent in the direction of the galactic centre 
(Sagittarius). Detection of the J=K=2 line at 23.722 633 335 
GHz strengthened the hypothesis that the interstellar emission 
was due to ammonia. The rotation-inversion spectrum of NH will 
be discussed in Sect. 2.2. The ammonia lines were observed in 
emission which implies that the population of the involved le­
vels cannot be in equilibrium with the cosmic background con­
tinuum whose radiation temperature is 2.7 K. Radiative transi­
tions induced by this background would establish equilibrium 
with a time constant of about 6 χ 10 s. Hence excitation, pre-
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sumably by collisions with H 9, He or electrons, must occur at 
a comparable rate or faster. The densities of the interstellar 
collision partners required to achieve this excitation rate 
depend on the cross sections for the collision-induced inver­
sion transitions. One of the goals of the present investigation 
is to measure the corresponding cross sections. 
In 1969 more astronomical data on interstellar ammonia be­
came available (CHE 69a, CHE 69b). Also observation of the 
metastable inversion lines J=K=3 at 23.870 129 183 GHz, J=K=4 
at 24.139 417 GHz and J=K=6 at 25.056 025 24 GHz were reported 
from several clouds in the Sagittarius region. Relative inten­
sities of the (J,K) = (1,1), (2,2), (3,3) inversion lines seen 
from Sgr B2 clearly do not correspond to thermal equilibrium 
conditions in this cloud. Many different relaxation processes 
and rates both radiative and collisional are important in a 
discussion of possible deviations from an equilibrium distri­
bution. These processes will be discussed in more detail in 
Sect. 2.4. Also microwave emission from two non-metastable 
levels of ammonia (J,K) = (2,1), (3,2) at 23.098 815 and 
22.834 184 96 GHz, respectively, has been observed, a search 
for the (4,3) transition at 22.688 312 GHz, however, was not 
successful (ZUC 71). Further investigations of interstellar 
ammonia emission showed that ammonia is a fairly widespread 
molecule in the interstellar medium (KNO 71, MAY 73, MOR 73, 
CHE 73, KAI 75, RYD 77). Ammonia is a valuable probe for the 
physical conditions inside interstellar clouds because a number 
of rotation-inversion lines can be observed in a relatively 
small frequency interval. Many different relaxation and exci­
tation processes both radiative and collisional are important 
in an evaluation of the astronomical data on ammonia emissions. 
Inelastic collisional processes for the system NH -H. were 
12 
studied until recently only by measuring line broadening (SMI 
50) and microwave-microwave double resonance (DAL 70, FAB 72). 
Direct molecular beam measurements of the inelastic cross sec-
tions for NH in collision with H are now feasible in a maser. 
With these data more reliable conclusions can be drawn about 
the physical conditions such as density, temperature and devia-
tions from thermal equilibrium in the interstellar clouds. 
Further these data may clarify the question whether collisional 
or radiative mechanisms are dominant in the population transfer 
in interstellar ammonia. 
1.1.3 Experimental methods 
Most of the experimental methods used to study inelastic 
collision processes were limited to bulk rate studies, such as 
pressure broadening of spectral lines (SMI 50, BIR 67, BER 68), 
ultrasonic dispersion (HER 59), and microwave transient nu-
tation measurements (FLY 76, MAC 72, WAN 73a). In this type of 
experiments only the average effect of a number of collision-
induced transitions is measured and no detailed information on 
the population transfer (for instance on selection rules) is 
obtained. Microwave double resonance experiments (OKA 68a,b, 
DAL 70, FAB 72) provided more detailed information on collision-
induced transitions between specified rotational levels. In 
this type of experiments the initial and final rotational levels 
are monitored separately. One pair of levels is "pumped" in an 
absorption cell and the intensity of absorption between the 
components of another pair of levels is monitored. The deviation 
from the Boltzmann distribution in the upper and lower level 
of the pumped transition is transferred to the monitored (two) 
levels through collisions with a target gas admitted into the 
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absorption cell. The major problem in double resonance work is 
that different radiative and collisional processes occur si-
multaneously in the same absorption cell. In order to reduce 
collisions among the molecules in which the population transfer 
is studied, the density of these molecules must be low compared 
to the density of the target gas in the absorption cell, lea-
ding to weak signals. Moreover the difference between the 
frequency of the pumped and monitored transition is usually 
small and it is difficult to prevent leakage of the pumping 
signal into the detector which detects the weak monitor signal. 
Finally for most of the four-level systems (two pairs of 
closely spaced levels) the population difference of the upper 
and lower level of the pumped transition is rather small, i.e., 
the maximum disturbance of the Boltzmarm distribution that can 
be produced by the microwave pump is quite small and only a 
weak effect on a weak monitor signal is observed. In Sect. 1.2. 
is discussed how these problems can be solved in an analogous 
experiment (set-up (3)) in the molecular beam maser. The double 
resonance technique yielded selection rules and qualitative 
information about the relative magnitudes of the transition 
probabilities for different kinds of transitions. This infor-
mation , however, is inadequate to evaluate the astronomical 
data on ammonia emission (CHE 69b). 
Similar information for molecules m excited electronic 
states and non-polar molecules is obtained m optical 
fluorescence measurements (CAR 59). The use of lasers has con-
siderably increased the possibilities of double resonance (KRE 
74, RED 75, KAN 76) and optical fluorescence experiments. 
Further development of tunable lasers will make these methods 
more generally applicable. 
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The basic problem in the foregoing bulk gas methods is 
that the radiative and collisional processes are not effecti-
vely separated*. Control of the important parameters in the 
collision process, for instance relative translational energy, 
selection of molecules in well defined quantum states, is not 
easy or most often impossible in these methods. 
Molecular beam techniques may be expected to provide bet-
ter conditions to study the inelastic collision process in 
details. The energies and the quantum states of the colliding 
partners can be well defined in beam experiments using velocity 
and state selection. For neutral collision partners only few 
direct cross section measurements for specific rotational tran-
sitions were performed so far. Two different methods were used, 
(1) a kinematic method in which the collision-induced rotational 
transitions arp observed from the measurement of the change in 
translational energy (velocity selection, BLY 64, BUG 77), 
(2) a state selecting method in which the collision-induced 
transitions are directly observed at the rotational levels in-
volved (TOE 65, BOR 76, EVE 76). The latter method based on the 
molecular beam electric resonance machine (MBER, MEE 75), is 
restricted to polar diatomic molecules in which some of the 
rotational states may be spatially resolved by electric deflec-
tion fields. 
This thesis describes a first exploration of beam-beam 
scattering in a molecular beam maser. In this machine, intro-
* Kreiner et al. (KRE 74) e.g. concluded that most of the 
observed signals in their infrared-microwave double reso-
nance experiments were caused by heating effects of the 
infrared radiation.' 
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duced in Sect. 1.2, the primary beam molecules are observed 
selectively in different rotational states via stimulated emis­
sion of the characteristic microwave radiation from a state 
selected beam. 
While the present investigation was in progress Kukolich 
et al. (KUK 73) reported the first molecular beam maser mea­
surements of collision cross sections. They used a fairly long 
scattering chamber (1=105 cm). Consequently the angular reso­
lution in their experiments is badly known. A precise knowledge 
of the angular resolution is necessary in order to interprete 
the maser attenuation data in terms of inelastic and elastic 
cross sections. The elastic and inelastic contributions to the 
microwave line attenuation are closely interwoven (see e.g. 
Sect. 1.2). The lack of reliable information on the angular 
resolution and /or the difficulty to determine absolutely the 
integral of the target density over the long beam path through 
the scattering chamber may be responsible for the large diffe­
rences in the total cross sections reported by the MIT group 
in two subsequent papers (KUK 73, WAN 73b , see also Chap. 5 of 
this work). The method of crossed beams, used in the present 
investigation, has the advantage that the relative velocity of 
the colliding partners and the scattering region are better 
defined. 
The MBER and beam maser scattering methods are rather 
complementary. In a MBER machine (MEE 75) the sensitivity is 
at optimum conditions about a factor of 10 better than in a 
maser and cross section measurements on a collision-induced 
transition between the rotational substates J. M.> and JJi > 
1
 ι ι ' f f 
are feasible. Molecules 'in a well defined initial state J.M.> 
1
 ι ι 
are focused into the scattering region by the polarizer fleltj/ 
and molecules scattered through small angles into the final 
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state IJ M > are transmitted to the detector by another 
(analyzer) field. The advantage of this method is that the 
scattering process is precisely specified in terms of initial 
and final quantum states and kinematics (very small scattering 
region). A disadvantage is that the angular resolution does not 
only depend on the initial state (as is the case in most maser 
experiments), but also on the final state of the studied col-
lision-induced transition. In the MBER machine the different 
quantum states are spatially resolved. This method has so far 
been limited to strongly polar diatomic molecules as TIF and 
CsF. The combination of microwave detectors, tunable to spe-
cific transitions of the primary beam molecule and of electri-
cal deflection in the maser, makes this technique applicable 
for the wide variegation of polar molecules studied by beam 
maser spectroscopy (DYM 76) and especially for molecules with 
symmetrically split rotational levels. This symmetrical split-
ting of the rotational levels guarantees a favourable Stark 
effect for the electric state selection and makes many rotatio-
nal states accessible in the relatively narrow bandwidth of a 
molecular beam maser. Molecules which are very suitable for 
beam maser scattering experiments are: ammonia (NH., inversion 
splitting), formaldehyde (H_CO, K-type doubling), hydrogen 
cyanide (HCN, 1-type doubling), hydroxyl (OH, A-doubling) and 
methanol (CH OH, internal rotor splitting), which are all of 
astrophysical interest. A disadvantage of the beam maser is that 
a resonant structure (microwave cavity) must be machined for 
almost each studied collision-induced transition. But when this 
resonant-structure is available, the operation of a beam maser 
scattering machine is much simpler than that of a scattering 
machine based on the MBER technique. The relative simplicity of 
the maser with respect to the electric resonance machine permits 
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a study of the effects of collisions simultaneously on diffe­
rent rotational levels, when more resonant cavities are inserted 
in the maser behind the scattering region. Moreover various dif­
ferent set-ups are feasible in a beam maser, each providing an­
other piece of information on the inelastic collision processes 
(see Sect. 1.2). The present exploration of beam-beam scattering 
in a maser is focused on ammonia. 
As is illustrated in Table 1.1. it is not easy, if not im­
possible for some aspects (time scale), to simulate the condi­
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Table 1.1 A comparison of some relevant conditions as assumed 
to hold in interstellar ammonia clouds (CHE 69b,MOR 
73) with the values obtainable in the molecular 
beam maser scattering machine. 
Consequently population-'transfer studies in interstellar ammonia 
clouds will have to rely mainly on theoretical considerations 
based on and making use of experimental results e.g. inelastic 
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cross sections in the laboratory. Another approach, also under-
taken in the present investigation, is to study the effects of 
collisions on the population distribution under laboratory con-
ditions in order to approve or disapprove some basic assumptions 
in astrophysical models. 
Unfortunately the theory for inelastic NH -H- scattering 
has not been worked out yet. The linear path approximation, as 
used in Chap. 4 to derive transition probabilities for collision-
induced rotation-inversion transitions, is valid for small 
angle (in)elastic scattering as is probed in the present mole-
cular beam maser (see Sect. 1.2). Expressions for differential 
cross sections, necessary to discriminate properly the elastic 
and inelastic contributions to the measured effects in the 
maser, are not available for the system NH -H_. In the limiting 
case of long range dipole-dipole interaction Born approximation 
can be used to derive differential (in)elastic cross sections 
as is done in Chap. 4. In order to check the performance of the 
beam maser scattering machine, measurements with polar scatte-
rers ammonia (NH ), methyl fluoride (CH F) and fluoroform 
(CF H) were done. In Chap. 5 the large (in)elastic cross sections 
obtained for NH -polar molecule are compared with theoretical 
results obtained in Born and linear path (impact parameter) ap-
proximation. The impact parameter model, using a dipole-quadru-
pole intermolecular potential, is then applied to estimate the 
experimental behaviour of the NH -H system. In the comparison 
between theory and experiment the apparatus function which will 
be discussed in Sect. 3.7 plays an important role. This function 
determines the angular range in the centre of mass system or 
the range of impact parameters in the linear path model which is 
probed in the maser experiments. The maser scattering data add 
a new piece of experimental information especially for the 
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determination of the anisotropic long range part of the inter-
molecular potential. 
1.2 The ammonia beam maser as a scattering machine 
The scattering machine used in the present investigation 
is a modified molecular beam maser. The first beam maser, the 
ammonia beam maser of Gordon, Zeiger and Townes (GOR 54, see 
also BAS 55) has been built as a sensitive high resolution 
spectrometer. Herein a molecular beam is used to reduce the 
Doppler broadening encountered in normal absorption spectros­
copy. The molecular beam is sent through a microwave cavity, 
where the change in microwave power due to both coherent emis­
sion and absorption by the molecules in the beam is monitored. 
At optimum stimulating power fed to the cavity, this change 
is given by 
ΔΡ = Δη hv (1.1) 
where Δη is the population difference for the upper and lower 
level involved in the transition at a frequency v. In a normal 
molecular beam the molecules are very near to thermal equi­
librium conditions, i.e. 
. ,. -hv/kT ^ hv η ,. „, 
Δη = (1-е ) n кг ( ' 
where η is the number of molecules in the lower state, the 
approximation of the exponent being valid for microwave fre­
quencies and beams at room temperature. Consequently the popu­
lation difference is only a small fraction of the population of 
the levels involved in the transition (hv/kT =* 1/250 at 24 GHz 
and 300 K) leading to a small net absorption. The population 
difference and by consequence the spectrometer sensitivity is 
increased by inserting an electrostatic state selector between 
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the beam source and the microwave detector. This state selec-
tor, usually an electrostatic octopole, produces a strong in-
homogeneous electric field in the beam area with a gradient 
dE 
perpendicular to the molecular beam axis. Normally — > 0, 
where r is the distance from the selector axis. The force F 
r 
acting on the molecules in the radial direction is 
f = _ 3 W ¿
 = _ 3W ЭЕ . 
г эг ЭЕ gr 
with W the Stark energy of the molecule in a specific quantum 
state. The Stark effect of the ammonia inversion doublets is 
particularly favourable for electrostatic state selection, be­
cause the two isolated nearby levels of the doublet repel each 
other in an applied electric field (TOW 55, p. 252). Ammonia 
molecules in the upper inversion level with a positive Stark 
/3w\ 
slope і-дтгр 0 which deviate from the beam axis are deflected 
back to it, while those in the lower state with a negative 
Stark slope I — 1 < 0 are removed from the beam. As illustra­
ted in Fig. 1.1 the acceptance angle of the microwave detector 
is enlarged for ammonia molecules in the upper inversion level 
while it is reduced for molecules in the lower inversion level. 
In practice the population difference in the case of state 
selection is equal to the number of upper state molecules in 
the enlarged acceptance angle and the gain is usually larger 
than the factor kT/hv. Detailed numerical calculations of the 
gain in spectrometer sensitivity due to state selection are 
given in Sects. 3.3 and 3.4. 
In the present investigation the ammonia beam maser spec­
trometer is converted to a scattering machine by inserting a 
secondary beam perpendicularly to the primary ammonia beam. 
Although state selection enhances greatly the sensitivity of 
the maser, sensitivity remains the most serious problem. The 
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contribution of the inelastic processes to the measured micro-
wave line attenuation may be small and the distance between the 
primary beam source and the microwave detectors may be large 
compared to the situation in a normal beam maser spectrometer. 
A single hole nozzle source is used together with differential 
pumping in a multi-chamber arrangement in order to produce an 
intense and highly directional beam of ammonia molecules. Due 
microwaves 
1
 1 I . ' 
diffusion pump 
Fig. 1.1 Schematic diagram (not to scale) of a beam maser 
spectrometer. The grey area gives the beam reaching 
the detector in the absence of state selection. The 
solid and the dashed curve represents the limiting 
trajectory of a molecule in the upper and the lower 
state, respectively, reaching the detector in the 
presence of state selection. 
to adiabatic expansion in the nozzle especially the low-lying 
rotational levels are well populated. Signal to noise ratios 
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of 10 at an RC-time of Is are obtained when running the maser 
just below the oscillation threshold. Whereas in normal beam 
scattering experiments the primary beam is monitored by mass 
spectrometric detection of its constituent molecule and parti-
cular quantum states may be resolved spatially using inhomo-
geneous fields and diaphragms, in the beam maser the particular 
rotational state is selected by tuning the microwave detector 
to a relevant inversion frequency characteristic for the prima-
ry beam molecule. The inversion line intensity I serves as a 
JK 
primary beam monitor for the particular rotational state |JK> , 
where I is proportional to the difference in population in 
1 
the upper and lower inversion levels (N -N ). 
JK JK 
The inelastic collisions in the maser are unavoidably ac-
companied by elastic scattering. Moreover both collision-induced 
inversion transitions, for which 
NJK " N J K ^ 1 a n d NÎK " ^ κ ί 1 ' (1-4a) 
and collision-induced rotational transitions where 
NÎK + N J K Í 1 (1-4b) 
take place. In order to separate the different contributions to 
the measured line attenuation three complementary experimental 
set-ups are used. In addition the measurements are done simul-
taneously in two consecutive (interchangeable) microwave cavi-
ties tuned to different inversion frequencies. In this way the 
relative effects of collisions on different rotational states 
are obtained. The primary beam is crossed by the secondary beam 
either (1) between the beam source and the state selector, or 
(2) between the state selector and the microwave cavities, 
or (3) between an extra cavity placed behind the state se-
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lector and the microwave cavities used for detection. 
In set-up (1) the relative effect of the inelastic collisions 
on the population of different rotation-inversion levels of 
ammonia is measured. In set-up (2) the attenuation of the mi-
crowave line intensity is due to the following processes: i) 
inelastic and elastic collisions resulting in changes of velo-
city directions outside the acceptance angle of the microwave 
cavity, ii) collision-induced inversion and rotational transi-
tions accompanied by angular deflections less than the accep-
tance angle of the microwave cavity. Contribution i) averaged 
over all the populated states in the primary beam is monitored 
by an ion gauge in this set-up. In this way information on to-
tal (inversion + rotational transitions) inelastic cross sec-
tions is obtained. The contribution of rotational transitions 
to the inelastic cross sections is studied in set-up (3). In 
the extra cavity a transfer of the molecules from the upper to 
the lower level at a particular rotational state is implemented 
and the corresponding change in attenuation by the secondary 
beam is measured at other inversion lines monitored by the 
detection cavities. The problem of interference of the pump and 
monitor microwave signals encountered in microwave double reso-
nance experiments using absorption cells (see Sect. 1.1.3) is 
effectively eliminated in this set-up. The beam method also 
offers a better control of the collision process because the 
radiative an collisional zones are strictly separated and ther-
malizing collisions among the primary ammonia molecules are 
eliminated in the monochromatic beam generated by the nozzle 
into a high vacuum, where the mean free path of the molecules 
is about 10 m. Finally the application of state selection per-
mits larger differences between the upper and lower level of the 
24 
'pumped' transition. More details about the different experi-
mental set-ups is given in Sect. 3.6. 
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CHAPTER 2 
THE LABORATORY AND INTERSTELLAR SPECTRUM OF AMMONIA 
2.1 Introduction 
In this chapter the need of more accurate laboratory data 
on the collisional transition probabilities in ammonia is 
discussed in connection with its interstellar emission spectra. 
First the rotation-inversion spectrum of ammonia in the ground 
vibronic state is reviewed briefly. Selection rules for radia­
tive and collisional transitions are explained in Sect. 2.3 
from symmetry considerations of the interactions involved. 
Finally the competition of radiative transitions and collision-
induced transitions in establishing the interstellar ammonia 
line intensities is discussed. 
2.2 The vibration-inversion-rotation speatnm of ammonia 
The ammonia molecule is a classic example of a non-rigid 
symmetric top molecule. The basic energy level pattern in the 
ground vibronic state is that of an oblate symmetric top. The 
rotational energy is given by 
E.^ = BJ(J+1) + (C-B)K - D J (J+l) 
JK J 
-D J(J+1)K2 - D K 4 + H J 3(J+l) 3 (2-1) 
J К Js. J J J 
+ HJJK J 2 ( J + 1 , 2 K 2 + HJKK J ( J + 1 ) K 4 
+ higher order terms 
where J represents the quantum number for the total angular 
momentum excluding nuclear spins and К is the projection of J on 
the molecular symmetry axis; В and С is the rotational constant 
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along and perpendicularly to the molecular symmetry axis, res­
pectively; Dj, D J K, D K and ^JJJ, H J J K ' "JKK a r e t h e centrifugal 
and higher order centrifugal distortion constants, respectively. 
Numerical values of the rotational constants are given in 
Table 2.1. In the ground vibrational state two symmetrically 
equivalent configurations of ammonia are separated by a rela­
tively low energy barrier of about 2000 cm as shown in Fig. 
2.1. The tunneling of the nitrogen through the plane of the 
hydrogen atoms results in a splitting of all the rotational 
levels into doublets. Detailed discussions of this (inversion) 
splitting can be found in various textbooks (TOW 55, ALL 63, 
GOR 70). Already in 1932 Dennison and Uhlenbeck derived an 
-1.0 
Д = 36сгтг1 
Ι Δν = 0.β cnr1 
1.0 
Fig. 2.1 Potential curve of the ammonia inversion. 
expression for the inversion frequency by solving the 
Schrödinger equation of the double minimum potential function 
in one dimension (DEN 32). Several attempts have been made to 
extent the theory in order to account for the dependence of the 
inversion splitting on the full set of vibrational and rotational 
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quantum numbers (NIE 47, WEE 62, PAP 73). However, none of them 
have yet yielded a fully satisfying quantitative description of 
the spectrum. The best descriptions of the effect of rotation 
on the inversion splittings are given by various semi empirical 
formulae. Both standard series in J and К (SIM 48, BEN 58, ΡΟΥ 
75) and exponential functions of J and К (COS 51, SCH 65, ΡΟΥ 
75) have been used to fit the measured rotational-inversion 
spectrum. Additional terms for states with К = 3n account for 
the removal of the K- degeneracy through a high order rotation-
vibration interaction (NIE 47). A rather extensive empirical 
exponential fit (with 24 parameters.') was obtained by Schnabel 
et al. (SCH 65), using all the inversion frequency measurements 
reported at that time (FIT 57, NIS 55). Unfortunately, their 
model does not give a quantitative agreement with the latest 
most complete and accurate measurements of 119 microwave in­
version lines of ammonia by Poynter and Kakar (ΡΟΥ 75). The 
authors analyzed the lines using the physically better founded 
power series in J and К for the inversion frequencies 
v. = E ^ p e r - E I™1 (2.2a) 
inv JK JK 
i .e. (see Eq. (2.1)) 
2 
v. = ABJ(J+1) + (ДС-ДВ) К 
X n V
 2 2 2 4 
-ΔΟ J (J+l) - ΔΟ J(J+1)K - ΔΟ К (2.2b) 
3 3 2 2 2 4 
+AH T T TJ (J+l) + ΔΗΤ J (J+l) К + ΔΗ .J (J+l) К JJJ JJJ4 J KJ\. 
+ higher order terms, 
where ΔΧ = X(upper) - X(lower). The resulting best fit constants 
are summarized in Table 2.1, together with the rotational con­
stants obtained from the infrared-microwave two photon and 
laser Stark work of Oka's group (LAU 76), the submillimeter 
work of Helminger et al. (HEL 71) and of Krupnov et al. (KRU 71) 
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8.406 (78) χ Ю - 4 
-1.551 (23) χ IO"3 
8.4 (9) χ IO - 4 
2.38 (34) χ IO - 7 
-8.78 (91) χ IO - 7 
1.05 (12) χ Ю - 6 
5.0244 χ IO - 3 
9.22 (2) χ IO - 2 
1.9944 χ IO - 3 
7.83 (12) χ IO - 2 
1.5569 χ Ю - 5 
-4.3273 χ IO - 5 
2.9860 χ IO - 5 
-2.360 χ IO - 8 
9.907 χ Ю - 8 



















Table 2.1 Rotation-inversion constants of NH 
and the far infrared measurements of Dowling (DOW 68). The 
energy level diagram for ammonia in its ground vibrational and 
electronic state resulting from these constants is shown in 
Fig. 2.2. 
By far the most accurate measurements of the inversion 
splittings are done with molecular beam masers (KUK 67, KUK 70, 
VER 70, WAN 73b, this work). 
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F i g . 2.2 Energy l e v e l diagram for ammonia in i t s ground 
v i b r a t i o n a l s t a t e . The quantum numbers (J,K) specify 
t h e r o t a t i o n a l s t a t e s . Doublet s p l i t t i n g s as shown 
are expanded by a f a c t o r of 10. A-type l e v e l s arfe 
those of o r t h o NH with I = 3/2, Ε-type l e v e l s a re 
para NH with I = 1/2. T r a n s i t i o n s observed in 
emission from i n t e r s t e l l a r space are marked with s o l i d 
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resolved in these measurements. As a representative for each 
inversion level in this investigation is taken the main line 
resulting from the transitions ΔΡ = AF = 0, where 
- * • - * • • * • 
F 1 = 1 N + J 
3 
ι=1 
- > • - > • -*· 
and F = I + F. 
Ή 1 
- ) • • * 
Herein the nitrogen nuclear spin is represented by I and I. 
is the spin of a proton. 
2.3 Classification of the rotation-inversion levels of ammonia 
and transition probabilities 
A study of the symmetry properties of the rotation-inversion 
levels of NH.. (including nuclear spins) and of the relevant 
interaction Hamiltonians is of great help in deducing selection 
rules for radiative and collision-induced transitions between 
these levels. From its geometry it is clear that the molecule 
NH., is left unchanged in any physically observable way when 
transformed by any of the members of the Longuet-Higgins group 
of permutations and permutation-inversions of the identical 
atomic nuclei (LON 63). This group is isomorphic to the D 
point group on the basis of the following one to one correspon­
dence between the group operations: E -«->- E, E* -f-»- σ, , 
(123) +-> С , (123)* -f-)- S , (12) «-*- C 2 and (12)* -м- σ . The 
character table for the D group can be found e.g. in Herzberg's 
book (HER 45, Chap. II, Sect. 3, p. 117). In the ground vibronic 
state the electronic and the vibrational part of the wave-func­
tions are symmetric under operations of the D group. In ad­
dition the nitrogen spin function is symmetric. Thus the symmetry 
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of the total wavefunction is determined by the product of 
^rot *lnv ^ H - I J K M > I V > l(IlI2)I12'I3'IH'MH >' 
Herein Ψ = |jKM> is the well-known symmetric top eigenfunction 
given by Edmonds (EDM 60) 
•VE 
π |«H> = ί-)Μ-\Ι±1ψ- Dg (a,3,y) (2.4) 
8ir 
where a,β, and γ are the Euler angles of the molecules ; 
Ψ. = ν > is the inversion eigenfunction and 
inv ' 
Φ„ = I(I I-)!.-,!,,! ,M > is the eigenfunction of the proton 
spins in the coupled representation 
- > • - » • - » • 
• * • - * • -> 
where I. represents the spin of the i-th proton. Symmetry 
properties of the rotational eigenfunctions under the operations 
of the D point group are given by Hougen (HOU 62), while the 
symmetry of |v > is determined by its behaviour under the 
operation С . The latter symmetry is (-) with ν = 0,1 for the 
lower (symmetric) and upper (antisymmetric) inversion state, 
respectively (HER 45, Chap. II., Sect. 5, p. 221). The symmetry 
properties of the proton spin functions can be found from ex­
pansion in products of the eigenfunctions of individual protons 
11., M.>. The well-known result is that the rotation-inversion 
 i ι 
levels can be classified according to the irreducible represen­
tations (A and Ε-type) of the D group as depicted in Fig. 2.2, 
where the + and - signs indicate the behaviour of the total 
wavefunction with respect to inversion E*. Inspection of Fig. 
2.2. shows that A-type levels occur for К = 3n and Ε-type levels 
for К = 3n+l with η = 0,1,... .As the protons obey Fermi-Dirac 
statistics the total wavefunction should be antisymmetric under 
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the С- operation, i.e., the total wavefunction must have A' or 
A'' symmetry. Branching of the product representation into the 
irreducible representations of D shows that the A-type levels 
are combined with I = •=- (ortho NH ) while for Ε-type levels 
H £. J 
with I = j (Para NH 3). 
Between the inversion-rotation levels of NH.. electric 
dipole transitions are allowed, with transition probabilities 





- q5; hvJKHjlu^lvJ'K'M^I2 . (2.5) 
J 
where |vJK > and (v'J'K^ represents the final and initial 
state, respectively; μ with q = 0, + 1 are the spherical 
^ ->• 
components of the electric dipole moment vector μ directed 
along the molecular symmetry axis, and μ = 1.476 (2) D (СОН 74). 
π 
As μ has A. symmetry with respect to D the following symmetry 
selection rules hold 
+ - « - > • - , + +/-»• + , - -<-/->• -
(2.6) 
and 
A -<->• A, E •*->• E, A -<-/-> E. 
The latter rules are in accordance with spin considerations. 
Selection rules for the rotation-inversion quantum numbers 
follow from Eq. (2.5). Transformation to the molecular frame 
of reference in the convention of Edmonds (EDM 60) 
Ml) -*• 
where μ are the components of the electric dipole moment μ 
q 
with respect to the molecular frame of reference, yields 
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because the dipole moment is directed along the molecular sym-
metry axis. Substitution of Eq. (2.8) into Eq. (2.5) and inte-
gration over the three D-functions (EDM 60, p. 62), using the 









 (2J· + 1) ( ' 
(2.10) 
J 1 J' 
К О К' 
(2.9) 
As can be seen from Eq. (2.9) the following selection rules 
hold for the radiative electric dipole transitions between the 
rotation-inversion levels of NH 
AJ = 0, + 1 
(2.11) ΔΚ = 0 
and 
During a collision only the cyclic permutation of the hydrogen 
nuclei (123) of the Longuet-Higgins group remains as a symmetry 
operation, i.e., leaves the collision Hamiltonian invariant: 
(123) H (ігз)"1 = H (2.12) 
Only the A and E symmetry of the С subgroup of D and the 
quantum number К associated with the symmetry operation (123) 
yield perspicuous selection rules. Also spin considerations 
make the following selection rules obvious in the absence of 
inhomogeneous magnetic interactions 
A -«-»• A , E <-*• E and A -<-/->- E . (2.12a) 
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Under the operation (123) the transition matrix element trans­
forms as 
«JJKIHIJ'IO = <JK| (123)~1(123)H(123)~1(123) Jj'IO = 
exp [ j тгНК-К')] <JK|H| J'K^ . 
From this result the following selection rule is obtained for 
collisional transitions 
ΔΚ = K' - К = 3n η = 0,+l,+2, ... (2.12b)* 
The selection rules corresponding to the permutation sym­
metry hold rigorously if the inhomogeneous magnetic interaction 
is neglected. Other selection rules for collision-induced 
transitipns such as for J and parity are by no means as rigorous 
as the corresponding radiative selection rules. For a given 
intermolecular potential these selection rules (compare Chap.4, 
Eqs. 4.41a and b) indicate some quantitative preference for 
certain transitions, and when the number of multipole inter­
actions effectively contributing to the intermolecular poten­
tial increases, the preference of specific transitions fades 
out (OKA 68a). 
2.4 Models for interstellar ammonia emission 
As mentioned in Chap.l more detailed studies of the in­
terstellar ammonia emission indicate that the excitation of 
the different metastable** levels of ammonia can not be ade­
quately explained by thermalization at a single temperature 
* It should be emphasized that we are dealing with signed values 
of K. The collision induced rotational transition 
|jK> -> JJ'IO given by |2,1> -»- ¡2,2>, is a ΔΚ = +3 transition, 
what is obvious if we write |2,+1> ->• |2,-2> . 
** For rotational levels with J ^ K, the radiative decay through 
AJ = 1, ΔΚ = 0 far-infrared transitions is relatively rapid. 
These levels are thus termed non-metastable, in contrast to the 
metastable J = К states which can decay only by the much weaker 
ΔΚ = 3 transitions (e.g. Fig. 2.2). 
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(CHE 69b,ZUC 71, MOR 73, CHE 73). The emission on the (2,1) and 
(3,2) non-metastable levels may even be a maser emission (ZUC 
71, MOR 73). 
Several models for interstellar ammonia emission are 
proposed. It is generally assumed among astrophysicists that 
collisional excitation across the inversion doublets maintains 
the emission at the metastable levels above the microwave back­
ground (CHE 69a, ZUC 71, MOR 73). In the model of Cheung and 
Townes (CHE 69b) the non-thermal relative intensity ratios of 
the metastable inversion lines are explained in terms of colli­
sion-induced ΔΚ = - 3 transitions, within the same spin confi­
guration (ortho NH, with I = 3/2, para NH_ with I = h). Oka 
J H J H 
et al. (OKA 71) pointed out that also radiative ΔΚ = - 3 transi­
tions may equilibrate the metastable inversion levels of ammonia 
and discussed the competition between the radiative and colli­
sion induced transitions. As most chemical reactions do not se­
lect between nuclear spin states, the possibility of a chemical 
process must be deferred until the precise formation mechanism 
for interstellar ammonia is known. Oka et al. (OKA 71) have 
suggested that more ortho than para NH.. might be present if the 
molecules are formed by rapid evaporation from the surface of 
dust grains at low temperatures. Another explanation of the 
non-thermal emission is based on a core-halo structure of the 
emitting clouds (MOR 73). Also in models for the emission from 
the non-metastable levels (2,1) and (3,2) radiative transitions 
from the metastable levels (1,1) and (2,2), respectively, in­
duced by the background infrared flux are in competition with 
collisional excitation by H». The competition between collisio­
nal and radiative processes yields a sensitive probe for the 
physical conditions in the interstellar clouds provided the 
transition probabilities are known. Some details of this compe-
36 
tition are discussed in this section. 
Firstly the interstellar ammonia is observed in emission, 
which implies that the population of the levels involved m the 
observed inversion transition cannot be in equilibrium with the 
о 
cosmic background radiation of 3 K.The inversion transition 
probability Ρ stimulated by this radiation is 
-hv 
Í exe I P_ = A„ [ p [j^-J -1 I"1 , (2.13) 
where A is the Einstein coefficient for spontaneous emission 
from level |i> to |]> ; Τ is the radiation temperature, i.e., 
the temperature to which the populations of the levels |i> and 
\j> would adjust in the absence of competing mechanisms (as for 
instance collisions) and ν is the inversion frequency. At low 
frequencies kT is large compared to hv and the Raleigh-Jeans 
approximation is valid : 
/ k T R \ 
Ρ = A ( г-^ (2.14) i] ID V hvi:j / 
The Einstein coefficients A are in the case of electric 
ID 
dipole radiation related to ihe dipole matrix elements μ of 
Eq. (2.5) (in cgs Units): 
η
 3 3 
32π ν 
with с the speed of light. From Eq. (2.5), (2.14) and (2.15) 
the stimulated transition rates for 3 К can be calculated. 
Excitation due to collisions, presumably with molecular 
hydrogen, must occur with comparable or higher transition 
rates. Let R be the transition probability due to collisions 
ID 
from level |i> to \j> with energies E >E . The probability of 
the inverse process is then given by R where 
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R -hv /kT 
^ = e 4 k f ( 2 Л 6 ) 
with Τ the kinetic temperature of the colliding molecules. 
In the situation of competitive radiative and collisional 
processes it is convenient to describe the relative occupation 
of the two levels by an excitation temperature Τ , defined by 
the relation 
η -hv /kT 
- 1 = e і 3 e . (2.17) 
η 
1 
The principle of detailed balance yields for the population 
of an isolated inversion doublet 
n ( P + R ) = n ( P + A + R ) (2.18) 
ι 3 3. ID J ji ni 31 · 
From Eqs. (2.14), (2.16), (2.17) and (2.18) follows, assuming 
that both Τ and Τ are large compared to hv , for the exci­
tation temperature Τ in the cloud 
Τ + T„ 
τ = Τ —- — (2 19) 
e к Τ, + Ύ
η
 ' U.iyj 
к О 
where Τ is defined as 
hv R 
Τ Π Tl 
О = -j-u -^- . (2.20) 
:ι 
The temperature Τ is clearly a measure for the competition of 
collisional and radiative process in the cloud. If the radiative 
processes are dominant then T_ -> 0 and Τ •> Τ . on the other r
 0 e R' 
hand if the collisional processes are dominant T„ •> *> and Τ ->• Τ, . 
0 e к 
For an ammonia emission line to be seen above the isotropic 
background continuum corresponding to an excitation temperature, 
for instance, larger than the mean of the kinetic and radiation 
temperature it follows then from Eq. (2.19) that 
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TQ > T k (2.21) 
at normal interstellar conditions (T, > Τ ). For collisions 
к R 
with molecular hydrogen this result sets a lower limit to the 
H_ densities in emitting ammonia clouds. The transition proba­
bility due to collisions with molecular hydrogen is given by 
R.. = Ν σ..ν , (2.22) 
Di H2 ji 
where N is the hydrogen density, σ is the collision cross 
H2 З і 
section for a transition between the two levels of an inversion 
state and ν is the relative velocity. From Eqs. (2.21) ала 
2 (2.22) with kT = μν /2 follows 
(2.23) 
where μ is the reduced mass. All the physical quantities on the 
right side of the inequality sign are rather well known (for 
T, see below) except the cross sections σ... These cross sec-k 31 
tions are poorly known as they still are based on the pressure 
broadening parameter (3 MHz/Torr) obtained by Smith and Howard 
already in 1950 (SMI 50, LEG 65, OKA 71, FAB 72). In order to 
get more reliable results for the densities in these interstel­
lar clouds more accurate laboratory data for the inelastic cross 
sections for inversion transitions are necessary. 
Let us now return to the problem of non-thermal ammonia 
emission. Ammonia molecules in higher rotational levels are 
brought very rapidly down to the lowest (metastable) rotational 
states with J=K, via radiative rotational transitions of the 
type AJ = + 1, Δκ = 0 (See Fig. 2.2). As dipole and quadrupole 
transitions are forbidden, only collisions may induce transi­
tions between the metastable levels. Only transitions of the 
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type Δκ = + 3n wxthin the same spin configuration are allowed. 
Thus the relative populations of the metastable levels were 
expected to be given by the Boltzmann factors. Then for opti­
cally thin clouds* the relative line intensities of the meta­
stable inversion states should be characterized by a single 
kinetic temperature. Several mappings of the interstellar am­
monia emission at different metastable levels (CHE 69b, ZUC 71, 
MOR 73, CHE 73) clearly showed that most of the ammonia distri­
bution over the metastable levels does not correspond to thermal 
equilibrium. Hence an overall population distribution calcu­
lated with Boltzmann statistics cannot well describe kinetic 
temperature and molecular densities in the clouds. 
Collision-induced transitions (of the type ΔΚ = + 3n) 
via the non-metastable levels can explain the observed intensi­
ties of the metastable inversion transitions. At low kinetic 
temperatures (T < 20 K) direct collision-induced transitions 
(1, + 1) -<-> (2, - 2) can thermalize the relative populations of 
the (1,1) and (2,2) levels, thus 
n22 Rll->22 5 - h v / k T k 
— = ^ = J e K (2.24) 
nll R22+ll J 
At temperatures > 20 K, however, collisional transitions from 
the (2,2) to the (2,1) level cause a lower population of the 
(2,2) level relative to the (1,1) as consequence of the rapid 
radiative decay of the (2,1) to the (1,1) state Equation (2.24) 
must be replaced by ., _ 
hv/kTk 
nilRll-v22 = n 2 2 [Rll+22 I e + R22-+21] (2Л5) 
From this expression can be seen that the kinetic temperature 
* The assumption of optical thin clouds is strengthened by the 
fact that the satellite hyperfine lines (ΔΜ =+1) are not 
comparable in brightness with the central line (ΔΜ =0) 
(RYD 77). 
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derived from the relative line intensities of the (2,2) and 
(1,1) levels using Eq. (2.24) is in this case a lower limit. At 
still higher kinetic temperatures collisional transitions be­
tween the (1,1) and (3,2) become energetically possible and 
Eq. (2.25) was replaced by Morris et al. (MOR 73) by a set of 
equations. Statistical equilibrium calculations were performed 
including collision-induced ΔΚ = + 3n rotational transitions 
within one spin modification for the 16 lowest energy levels 
of para ammonia (I =4). The collisional transition probabilities 
H 
estimated from (OKA 68b, DAL 70, FAB 72) , are too inaccurate to 
determine a reliable value for the kinetic temperature from the 
observed inversion line intensities. More quantitative information 
about the (relative) magnitudes of the collisional transition 
probabilities is strongly needed. 
The possibility of radiative ΔΚ = + 3n transitions has 
been considered by Oka (OKA 71) and Watson (WAT 71). These 
transitions are normally forbidden but become allowed as a 
result of various state mixings through vibration-rotation in­
teraction. Recently experimental evidence for these transitions 
was obtained in infrared-microwave two photon spectroscopy 
(LAU 76). Also within the mixed models (radiative + collisional 
ΔΚ = + 3) detailed information of the collisional transition 
probabilities is necessary in order to understand the competi­
tion of the radiative and collisional processes in establishing 
the physical conditions in the clouds. From the kinetic tempe­
rature, the brightness temperature of the emission lines and 
the dimensions of the emitting clouds, molecular densities can 
be derived (MOR 73). 
The possible maser emission from the non-metastable levels 
(2,1) and (3,2) obviously requires an inversion mechanism by 
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which a net population is transferred from the lower to the 
upper inversion state. At rather low densities the background 
flux of far-infrared radiation characteristic of thermal emission 
from dust grains at 30 К may invert the population in the 
(2,1) and (3,2) states. This occurs because, for a dilute black 
body radiation at a temperature > 20 K, there is a higher rate 
of photo absorption between the lower level of the metastable 
(J,K) state and the upper level of the (J + 1, K) state than 
between the upper level of (J,K) and the lower level of 
(J + 1,K). This higher rate more than compensates for the fact 
that the upper level of (J + 1,K) has a larger probability for 
spontaneous decay than the lower (J + 1,K) level (MOR 73). At 
higher molecular densities collisions may be responsible for the 
required inversion of the population in the non-metastable in­
version doublets. Detailed information of the cross sections 
for collision induced rotational transitions AJ=1, ΔΚ=0 is 
necessary to determine the densities at which collisional pro­
cesses become dominant. 
The conclusion of this section is that accurate laboratory 
data on the transition probabilities of collision-induced 
inversion (AJ=0, Δκ=0) and rotational (AJ=1, ΔΚ=0 and ΔΚ=+ 3n) 
transitions, are necessary for the interpretation of interstel­
lar ammonia spectra. This work is an exploration of the possi­




THE BEAM MASER SCATTERING ЖСНШЕ 
3.1 Introduction 
As discussed in Chap.1 a multi-chamber molecular beam 
maser system is necessary to meet the requirements of an in­
tense primary ammonia beam and to ensure flexibility in diffe­
rent experimental conditions. Therefore the vacuum system con­
sists of four interchangeable cylindrical stainless steel cham­
bers , 30 cm in diameter and 45 cm long, each with four cross­
wise located flanges. In experimental set-up (1) with the se­
condary beam between the ammonia source and the state selector 
-NEC-
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Fig. 3.1 Schematic diagram of the molecular beam maser in 
experimental set-up(1). 
NEC = nozzle exhaust chamber; ВС = buffer chamber; 
DC = detector chamber; N = nozzle, SK = skimmer; 
С = beam chopper; SB = secondary beam; P8 = 8-pole 
state selector; Cl, C2 = microwave cavities; W = 
water jacket; Dl, D 2 , D3 = diaphragms cooled by liquid 
nitrogen. 
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only three vessels are used: a nozzle exhaust chamber, a buffer 
chamber housing the secondary beam source and cryopump, and 
the detector chamber containing the state selector and the two 
cavities. In set-ups (2) and (3) the detector chamber is moved 
up to the fourth vessel and contains only the two cavities and 
an ion gauge to monitor the total primary beam. The second 
buffer chamber contains then the secondary beam equipment, 
while the first buffer chamber houses either an elongated (double) 
state selector or a state selector followed by the first cavity. 
NEC- BC1 
r ' ' 1 EZZZZZZZZZ) mm 
^BC2 
Д 
















10 cm Il mm 
Fig. 3.2 Schematic diagram of the molecular beam maser in 
experimental set-up (3). In set-up (2) cavity C3 is 
replaced an additional 8-pole state selector. NEC = 
nozzle exhaust chamber; BC1, BC2 = buffer chambers; 
DC = detector chamber; N = nozzle; SK = skimmer; 
С = beam chopper; P8 = 8-pole state selector; 
Cl, C2, C3 = microwave cavities; SB = secondary beam; 
IG = ion gauge,- Dl, D2, D3 = diaphragms cooled by 
liquid nitrogen; BS = primary beam stop,- W = water 
jacket. 
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Experimental set up 
1 2 3 
distance -
source - diaphragm 1 
source - secondary beam 
diaphragm 1-diaphragm 2 
source - state selector 
state selector - diaphragm 1 
state selector - diaphragm 3 
state selector - cavity 1 
state selector - cavity 2 
state selector - ion gauge 
state selector - secondary beam 
state selector 1 - state selector 2 
state selector - cavity 3 












































width secondary beam 
0.225 0.265+0.269 0.265 
0.160 0.160 0.160 
0.046 0.046 0.046 


























Table 3.1 Some critical dimensions in the molecular beam maser 
in m. 
45 
Schematic drawings of the apparatus in the different experimen­
tal set-ups are given in Figs. 3.1 and 3.2. Several important 
geometrical parameters are summarized in Table 3.1. 
The ammonia beam is formed by a nozzle-skimmer assembly 
producing a highly directional and intense beam with low velo­
city spread. The nozzle exhaust chamber is pumped by a 5200 Is 
oil diffusion pump. The nozzle can be moved in XYZ-directions 
by means of three screws, mounted on three perpendicularly 
located flanges. One of these screws forms part of the gas sup­
ply system to the nozzle. The nozzle-skimmer distance can be 
varied over a range of 30 mm. With nozzle orifices in the range 
of 30 to 80 μ it is possible to obtain a stable beam at stag­
nation pressures up to at most 2000 Torr and background pres-
-4 
sures of 2 χ 10 Torr. The skimmer separates the nozzle exhaust 
chamber from the (first) buffer chamber. The molecular beam is 
modulated at 120 Hz by a mechanical chopper mounted directly 
behind the skimmer. 
The buffer chamber containing secondary beam source and 
cryopump is pumped by a 6000 Is oil diffusion pump. Typical 
background pressure with cryopump in operation is of the order 
-7 -7 
of 10 Torr and does not rise above 5 χ 10 Torr when the 
secondary beam is switched on. The length of this buffer chamber 
along the primary beam direction is kept as short as possible 
in order to reduce background scattering to a minimum. The ex­
tra buffer chamber in set-up (2) and (3) and the detector cham­
ber is pumped by a 1000 Is oil diffusion pump. Liquid nitrogen 
traps surround the state selector(s) and serve as diaphragms at 
critical points along the primary beam to prevent local pres­
sure rises. During operation of the maser the overall pressure 
(except for the nozzle exhaust chamber) is about 5 χ 10 Torr 
corresponding to a mean free path longer than 10 m for ammonia. 
46 
Thus attenuation of the primary beam by the background is 
negligible. All diffusion pumps are equiped with water cooled 
baffles. The vacuum system is protected in the events of leaks, 
water and electric failures. Details of the applied safety in-
terlocks can be found elsewhere (REI 73a). 
In the next sections details of various parts of the maser 
scattering machine are given. Properties of the primary ammonia 
beam and the secondary beams are discussed in connection with 
the components of the machine in Sect. 3.2 through 3.5. The 
different experimental set-ups are elucidated in Sect. 3.6. In 
Sect. 3.7. the apparatus function is introduced. This function 
determines the angular range in the centre of mass system which 
is probed at a certain relative velocity and enables a compa-
rison between experiment and theory. Finally the automation of 
the beam maser scattering machine with a PDP/11E10 computer is 
described in Sect. 3.8. 
3.2 The nozzle source 
In early types of molecular beam masers effusive sources 
were employed (BLU 68, VER 69, ENG 74). Nowadays single hole 
nozzles of small diameter (MOE 74) are used to form intense 
molecular beams in masers. Nozzle sources have improved the 
sensitivity of molecular beam masers over those with effusive 
sources by more than one order of magnitude. A striking example 
of the gain in sensitivity employing nozzle sources in beam 
masers is obtained on the J = 1 -> 0 rotational transition of 
CF H. In Fig. 3.3 (trace (a)) is shown the CF H spectrum ob-
tained with a nozzle source (REI 73b, REI 74a). This spectrum 
should be compared with the result obtained with an effuser 




Fig. 3.3 (a) Spectrum of the J = 1 ->• 0 transition of CF H ob-
tained with a nozzle source ; 
(b) the same transition with an effuser source at a 
total integration time of 5 hours with a CAT. 
(ELL 71, REI 72). The gain in sensitivity originates from two 
sources: (1) increased intensity in the forward direction, (2) 
favoured population of the low lying rotational states due to 
the adiabatic expansion in the nozzle. The measured relative 
intensities on different inversion levels correspond with a 
Boltzmann distribution over the rotational states characterized 
• 
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by a rotational temperature of about 95 К (Sect. 3.4.). The 
nozzle generates a beam with little or no spread in velocity, 
what substantially simplifies the calculation of the state 
selector efficiency. The knowledge of the state selector effi­
ciencies is important for the analysis of the relative (and 
absolute) effect of collisions on the different inversion 
levels of ammonia. A disadvantage of the nozzle source especial­
ly for high resolution spectroscopy, is the shift of the velo­
city distribution to higher velocities. This shift implies an 
additional line broadening due to the shorter transit time 
through the stimulating cavity field with length L. The full 
linewidth at half maximum obtained in a microwave cavity ope­
rated in the TM mode is given by (RAM 56) 
AVFWHM - 0 · 9 ( & ' ( З Л ) 
where ν is the molecular velocity. 
The nozzle itself is just a small hole (diameter 30-80μ) 
drilled in a thin brass foil (0.025 mm) with a tungsten wire, 
sharpened by electrolytical etching in 10 η КОН. The accom­
panying small hill which forms a beam disturbing channel is 
removed also by electrolytical etching. The brass foil is 
clamped between vacuum tight teflon rings against the end of the 
gas supply tube. Typical lifetime of such a nozzle is two to 
three months. Stainless steel foil nozzles are not used for two 
reasons: firstly, the quality of the hole is with the same 
effort much less and secondly, after a period of three months 
also the stainless stell nozzle must be replaced as cleaning 
of the nozzle is rather difficult. 
The skimmers are truncated cones, machined from brass with 
a full cone angle of 90 and diameters of about 1 mm. The skim­
mer is fixed in the wall separating the nozzle exhaust chamber 
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and the (first) buffer chamber. The nozzle-skimmer distance 
can be varied. A detailed sketch of the nozzle-skimmer assembly 
can be found in REI 73a . 
Velocity distribution measurements performed on the 
NO-molecular beam machine (STO 72, p.32) yield already at 
moderate stagnation pressures a most probable velocity in the 
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With γ = — , the ratio of specific heats per unit mass at con­
stant pressure and volume (ΚΑΤ 73), Eq. (3.2) yields ν = 1079 
-1 о m p 
ms at a source temperature of 300 K. The measured most pro­
bable velocity is 1080 ms . A corresponding increase of the 
measured full linewidth according to Eq. (3.1) observed in the 
maser is: Δν =6.7 kHz. The limited velocity resolution of 
the selector and the limited pump capacity of the source cham­
ber in the NO-machine prevent an accurate determination of the 
velocity spread of the ammonia beam at stagnation pressures of 
about 1500 Torr as used in the maser. Extrapolations of the 
results at lower stagnation pressures, however, justify the as­
sumption of a univelocity beam at 1080 ms in the maser. This 
assumption is confirmed by a matching dependence of the micro­
wave line intensities on the Stark voltage applied to the state 
selector (next section). 
The experimentally determined optimum nozzle-skimmer dis­
tance of 8 mm (REI 73a) is in a good agreement with the Ashkenas 
and Sherman formula for the Mach disk (ASH 66). 
No measurement of the primary beam flux is done, as no 
absolute flux meter is available, but except for the J=K=6 'in­
version line the maser can be operated at optimum sensitivity 
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conditions, i.e. just below the oscillation treshold of the 
relevant maser lines. 
3.3 The state selection 
3,3.1 The state selector 
A conventional octopole state selector is used for state 
selection. The electrodes, polished stainless steel rods 2 .5 mm 
in diameter and about 26 cm long, are arranged symmetrically 
on a cylinder with a diameter of 10 mm. The distance between 
neighbouring rods in 2 mm. Each four non-neighbouring electrodes 
are held by perspex rings, rigidly interconnected by long bars 
of glass to ensure a long leakage path. The selector is sur­
rounded by a liquid nitrogen trap. Break through typically oc­
curred at 30 kV. 
The Stark energy W of an ammonia molecule in the rotation-
inversion state J,K,M ,+> is given by 
J — 
-нет•(&*)'••••Γ- в-м 
where W- is the average energy of the |j,K> rotational level, 
\>
η
 is the zero field inversion frequency and + and - sign refers 
to the upper and lower inversion level, respectively; J,К and 
M specify the rotational state of the ammonia molecule rela-
J
 -> 
tive to the direction of the electric field E. The radial com­
ponent of the force acting on the ammonia molecule is 
+
 =
 _ dW dE Ì 
dE • dr l J· ' 
The electric field strength in an electrostatic octopole with 




E(r) - _ _ ν , (3.5) 
R 
where R is the inner radius (5mm) of the state selector and V 
is the voltage applied between two adjacent rods. The magnitude 
of the actual field in the octopole with cylindrical rods is 
found by multiplying with a numerical factor of 0.844 (PAU 55). 
As the static electric field increases in a direction perpen­
dicular to the beam axis, ammonia molecules in upper inversion 
states are forced towards the selector axis, while those in the 
lower states are deflected out of the beam. The resulting micro­
wave line intensity depends directly on the efficiency of these 
two actions. 
3.3.2 The state seleation effbc-iency 
Two aspects of state selection must be emphasized in a 
beam maser scattering experiment: (1) both the sensitivity and 
(2) the angular resolution of the microwave detector depend on 
the Stark effect of the relevant rotational ΙM > sublevéis. The 
J 
dependence of the sensitivity of the microwave detector on the 
Stark effect must be known in order to deduce a population 
distribution over the rotational levels in a nozzle beam from 
the observed relative inversion line intensities. In beam maser 
spectroscopy this aspect is treated parametrically by comparing 
the theoretical and experimental values of relative signal to 
noise ratios (VER 69, p. 28 ff). No information on the mole-
cular Stark trajectories is obtained in this approach. In order 
to account also for the angular resolution of the microwave 
detector, precise information on the molecular trajectories 
forming the fairly broad primary beam in a maser, is necessary. 
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Therefore, the state selector efficiency for each rotational 
sublevel |j,K,M , + > is defined as (MEU 76) 
N(J,K, IMJI, + ) - N
n
 (J,K, IMJI, + ) 
S(J,K, |м
т








' I M J I ' i> (3 .6) 
s 
where N(J,K, M , + ) represents the number of molecules in 
the substate I J,К, + M , + > entering the microwave cavity as 
the state selector is switched on,- N (J,K, ІМ I , + ) and 
N (J,K, ІМ I, + ) is the total number of ammonia molecules in 
s 
this substate within the solid anales Ω and Ω subtended at 
с s 
the nozzle by the cavity and the state selector, respectively, 
as the state selector is switched off. The state selector effi­
ciencies for different experimental geometries are calculated 
by evaluating numerically a large number of trajectories of 
ammonia molecules in the substates involved. In these calcu­
lations fringing fields of the state selector are neglected and 
a monochromatic ammonia beam at 1080 ms is assumed. Results 
for the state selection efficiencies S(J,K, M , + ) for the 
J — 
rotation-inversion states (J,K) = (1,1) and (2,2) for different 
values of the applied state selector voltage in set-up (1) 
(Fig. 3.1) are summarized in Table 3.2. The calculations are 
performed with 200 initial trajectories (200 different entrance 
angles in the state selector) for each ΙM subst'ate. As can be 
J 
seen in Table 3.2 the state selection efficiency is zero for 
all the rotational substates of the lower and for the M = 0 
J 
substate of the upper inversion level. This implies that the 
population of the lower inversion level is unaffected by the 
state selector and the gain in microwave intensity is caused 
by an increase of the population of the upper inversion level 
in the beam. 
































































































Table 3.2 State selection efficiencies S(J,K, ІМ |,+) for the rotation-inversion states 
и — 
(J,К) = (1,1) and (2,2) for different values of the applied selector voltage 
in the experimental set-up (1) given in Fig. 3.1. 
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The transitions detected in the beam maser are those 
between the hyperfine sublevéis of the upper and lower rotation-
inversion levels. The trajectories of the rotational substates 
can be used to calculate the influence of the focuser on the 
detection sensitivity at a particular hyperfine component in 
the inversion spectrum. Therefore, the relevant hyperfine states 
must be correlated with the rotational substates determining 
the molecular trajectories through the state selector. The 
actual calculations are discussed in Sect. 3.4. In this section 
the correlation is explained and the assumptions, made in the 
correlation and in the calculation of the trajectories (no 
fringing fields, monochromatic beam) , are checked with experi-
mental results. It is assumed that Fourier components of the 
time varying fields of the state selector seen in the moving 
frame of reference of the ammonia molecule induce transitions 
between levels split by the interactions of the hydrogen spins 
(or by the earth's magnetic field), but do not induce transi-
tions between levels split by the nitrogen quadrupole inter-
action (see for instance (GOR 55)). Thus those closely spaced 
hyperfine components due to hydrogen spins which are selected 
are again randomized, while the selection of the quadrupole 
levels is adiabatic. Therefore, only the quadrupole |F M > 
substates are relevant in the correlation. From the field-free 
quadrupole splitting of the inversion level, the results of 
weak field Stark effect calculations and the non-crossing rule 
for the ]l ,J,F ,M > quadrupole sublevéis the following cor-
relation between the hyperfine |F ,M > and rotational 
|j,K,M > substates can be derived for the upper inversion 
level (notation F.JM., I -*-»• IMJ ) 
I F . J 
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J, J -м- J J+l ,J+l -*-> J J-1,J-1 -*->- J-2 
J,J-1 +->• J J+l,J -s-»- j-1 J-l,J-2 •*-> J-3 
J,J-2 t-> J-1 J+l,J-1 «->• J-1 J-1,J-3 •«-> J-4 
J,J-3 +->• J-2 J+l ,J-2 -«-> J-2 J-1,J-4 -*->- J-5 
J,J-4 -!-> J-3 J+l,J-3 -«-+ J-3 J-1,J-4 -*-+ J-6 
J-1,1 t-> 0 
J,0 •<->• 1 J+1,0 f-)- 0,1 J-1,0 -«-> 0 
A similar set of correlations can be obtained for the lower 
inversion level. However, it is seen in Table 3.3 that the 
population of the rotational sublevéis of the lower inversion 
state is unaffected by the state selector in the present geo-
metry, so there is no need for the correlation in the lower 
inversion level. 
Two different experimental situations should be dis-
tinguished to "weigh" these correlations: a) no field free 
region between the state selector and the cavity, (b) a field 
free region between the state selector and the cavity. In case 
a) the electric field between the state selector and the cavity 
is longitudinal with respect to the molecular beam axis m the 
direction of the cavity (KRU 65). For TM-modes the electric 
field is parallel to the cavity axis and hence parallel to this 
external electric field. In this case only ΔΜ = 0 transitions 
2 
with probabilities proportional to M can be observed and the 
Fl 
weight ρ (F |м | -«-* |м |) of the F ,|м | «-> |м | correlation 
I F . . J I F . J 1 1 
is given by 
ptF^lMj, | ++ IMJI = 
Rotational cavity N(J,K,|м
т
|,+,V)/Ν (J,K,|M I,+) at a Stark Voltage in kV 
u — il J — 
с 
state position 


















































































Table 3.3 The ratios N(J,K,|M |, +,V)/N (J,K,|M |,+ ) at different Stark voltages for 
с 
the (1,1) and (2,2) states. N(J,K,|м |,+,ν) and N (J,K,|M |,+) represents the 
с 
number of NH molecules in the relevant rotational substates entering the micro­
wave cavities in the presence and absence of state selection, respectively. 
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In case b) all degenerate M substates are mixed up in the 
Fl 
field free region and each (F. ,M •*-*• M ) correlation gets the 
I F . J 
same weight 
The weighted correlation between the quadrupole |F > and 
rotational ||м |> substate is obtained by taking the summation 
Σ p(J,F ,|м I -<->• |M 1) as shown in Table 3.4 for (J,K) equal 
1 to (1,1) and (2.2). Summation over F gives finally 
the weight of an ||м |> trajectory. J 
As the measured linewidth of the monitored ΔΓ=0 component 
in the inversion spectrum was nearly equal to the expected 
linewidth of a single line under the present experimental con­
ditions and as the stimulating microwave power was kept far 
below saturation, the gain in microwave intensity of the ΔΡ=0 
component because of the state selector can be written as 
F Í N F ( V ) - N F ( V ) ] h V j > F F I2 I(V)
 = 1 1 + 1 - 1 1 
Σ TÑ ^"Ñ 1 hv Γμ Γ2 (3.7) 
Ι 0 F i Ρ 1 + F^J J K I ^ I 
Herein the summation is over all the unresolved quadrupole 
hyperfine components of the studies main-line (ΔΡ =0), N (V) 
1 Fl І 
and N represents the flow of ammonia molecules in the par-
1 -ticular quadrupole hyperfine state through the microwave cavity 
with and without state selection respectively, ν is the in-
uK 
version frequency and 
In I2 = ! 2-/ |<i JF Μ |μ(1)|ΐ JF M· >|2 
' V F . 1 (2J+1) (21+1) Μ ,Μ' ,ς' Ν 1 F Ι μ 4 ' N I F , ' 11 N F F 1 1 
is the electric dipole moment matrix element for a ΔΡ = 0 
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Table 3.4 Correlation between the quadrupole levels |j,F > and the rotational Stark level 





Ν ( j í j ) JKJK
1 (3.8) 
where the electric dipole matrix element μ for an inversion 
JKJK 
transition is given by Eq. (2.9). For microwave frequencies 
Eq. (3.7) reduces to 
|2 
KV) 
Σ Up „ Γ [Ν,, (V) - Ν,, (V)] F F ' F 11 1 + 1-






where Τ is the temperature determining the relative difference 
between the population in the upper and lower inversion states 
at thermal equilibrium. As the population in the lower inversion 
level is unaffected by the state selector (See Tables 3.2 and 




 N F (V) 




F F 11 
JK 
Using the weighted correlation between the quadrupole hyperfine 
¡F > states and the rotational ||м |> sublevéis, given in Table 
Nn (J'K) 
-ЩпТ
 for M J * 0 the fo110-3.4 and putting N {J,K,\M. \ , + ) il J 
с 
wing expression for I(V)/I
n
 is obtained for 
(im. /*L Χ ι 
Np_ (J,K) 
KV) „ "c 
I
o (2 j+i)X; iu ' 2 
ι Σ Σ pw^jMp I -- I^JIHP F,F 
F F ' 
F i 1 1 
F i - | Μ
α
| / ο •F1 |M 
1 1 
N ( J , K , | M I ,+ ,v) 
J 
NS2 ( J ' K ' l M j l ' + ) 
kT 




The summation over F and M represents the weight of an 
1 Fl 
||M |> trajectory. In Fig. 3.4 the measured microwave line in-
tensities as function of the Stark voltage for the (1,1) and 
(2.2) inversion lines in the first cavity (case a) of set-up 
(1) are compared with the values obtained with Eq. (3.11) using 
the trajectory calculations. The calculations were performed 
with 200 initial trajectories (200 different entrance angles 
in the state selector) for each rotational ||м |> substate. The 
number of trajectories contributing to the calculated microwave 
line intensities was typically about 100. From Fig. 3.4 can be 
seen that the trajectory calculations describe the І( )/І
П 
behaviour rather well. This is primarily due to the small 
_2 
values of the entrance angles ( < 10 rad) and the high velo­
city of the ammonia molecule (1080 ms ), which prevent the 
occurrence of oscillations in the calculated trajectories 
through the state selector. Strongly oscillating trajectories 
would be in conflict with the conservation of energy and cause 
large errors in this type of efficiency calculations for broad 
thermal beams (MEU 76). In Sect. 3.4 the trajectory calculations 
are used in a similar way as in Eq. (3.11) to deduce a popula­
tion distribution over the rotational levels in a nozzle beam 
from the observed relative inversion line intensities. In Sect. 
3.7 the computer simulated ||м > trajectories are used to ac-
J 
count for the angular resolution of the microwave detector. 
It should be emphasized that the gain in microwave inten­
sity is caused by an increase of the population of the upper 
inversion level in the beam, while the lower level populations 
are unaffected. For the studied inversion transitions of ammonia 
the gain is typically of the order of 10 , assuming an initial 
Boltzmann distribution at 95 К (see Sect. 3.4). 
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microwave intensity 
in arbitrary units 
0 5 10 15 20 25 30 35 У) 
Stark voltage in kV 
•Fig. 3.4 Measured (solid curves) and calculated (points) 
microwave line intensity as a function of the Stark 
voltage for the (1,1) and (2,2) level. Solid circles 
and triangles represent the calculated microwave 
line intensities in the front position cavity for 
the (1,1) and (2,2) level, respectively. 
3.4 The detection system and its sensitivity 
All cavities used in the present experiment were cylindri­
cal reflection type cavities oscillating in the TM mode. This 
mode is excited from the waveguide by an iris in the side of the 
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cavity at half of its length. The resonant frequency ν of a 




The cavities are tuned thermally by water flowing through 
jackets surrounding the cavities. As the tuning range is only 
about 0.1 % of the resonance frequency, each studied inversion 
transition of ammonia requires an own cavity. The cavities 
therefore are exchangeable tubes which fit precisely in the 
water jackets which are part of the suspension system. This 
system is attached to a hollow cylinder, wherein the coupling 
waveguides and the connections for the thermal jackets are 
mounted. Two 0-rings and a clamping ring localize the two cavi­
ties in such a way it is possible to interchange them by rotation 
from outside the vacuum system without disturbing the high vac­
uum in the detector chamber. The two positions of the cavities 
are fixed by match pins in the top flange of the detector cham­
ber. The whole assembly is shown in Fig. 3.5. More details of 
the cavities can be found in the thesis of Bluyssen (BLU 68). 
Fig. 3.5 The microwave detector cavities. 
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In order to obtain maximum stimulated emission signal the 
maser is operated just below the oscillation threshold. The 
threshold flow η of ammonia molecules required to sustain 
oscillation is (SHI 56) 
2 
n t r = -y-5 (3.13) 
417
 »JKJjPtb 
where A,L, and Q is the cross sectional area, length and loaded 
5 - 1 quality factor, respectively, of the cavity. For ν = 10 cms , 
2 3 
A=l cm , μ = ID, L=15 cm and Q = 5 χ 10 the threshold flow is 
13 -1 found to be of the order of 2.5 χ 10 mol s . Assuming a 
rotational temperature of 95 К in the primary beam, this implies 
a total flux of 10 mol s through the cavity. Oscillation 
thresholds are determined experimentally by monitoring the beat 
signal of the stimulating and generated fields with a wave ana­
lyzer (REI 73a). 
The maximum stimulated emission signal obtained in a mol­
ecular beam maser, operated just below the oscillation thres­
hold, is given by the condition that the molecules should make 
just one transition from the upper to the lower maser level as 
they pass through the cavity. As the power input to meet this 
—8 
•condition is typically 10 W or less for the ammonia maser 
video detection cannot be used. Superheterodyne detection 
systems, equipped with a separate signal (SO-) and local (LO-) 
oscillator klystron are normally used in a beam maser spectro­
meter. A superheterodyne scheme requiring only a single klystron 
will be described later in this section. The maximum signal to 
noise ratio using superheterodyne detection and square wave 
modulation is given (in· cgs Units) by (DYM 76) 
(S/N)
max
 = 0.9 (N
u
 - K 1)y j K J K (-L) № Е Я ) (3.14) 
64 
for beams of uniform velocity v. Herein N and N, stands for 
u 1 
the number of molecules in the upper and lower maser level, 
respectively, passing through the cavity per second; V, О and 
V- is volume, loaded quality factor and the resonance frequency, 
respectively, of the cavity; F is the overall noise figure of 
the detection system, and Äf its effective bandwidth. Assuming 
that the optimum microwave power is nearly the same for all the 
contributing quadrupole transitions, expression (3.14) can be 
rewritten, as discussed in Sect. 3.3 in order to account for 
the state selector efficiency 
А v 
max 
(S/N)„.. - О . Э ^ А ^ j ^ j —
И п
 (3.15) WFkTAf/ | 2 J + l | Μ | Φ 0 
(Σ Σ р^.і -М- .) N ( J , K , | M | , + , ) J l f,..Ν. , IM ι - ' i - - Γ Ι / Ν Ω ( J ^ l M j b + J j J K f i c 
1 I F I с 
with μ,, given by Eq. (3.8); f gives the fraction of ammonia 
1 1 
molecules in the (J,K) inversion level (TOW 55, p. 75) and 
N. is the total flow of molecules within the solid angle sub-
c 
tended at the nozzle by the cavity entrance hole. The expres­
sion between braces in Eq. (3.15) is evaluated using computer 
simulated |J,K,|M | ,+> trajectories for the first cavity in 
set-up (1) and a state selector voltage of 30 kV, yielding 
1.55 μ, 2.29 μ, 1.89 μ and 1.42 μ for the (1,1) / (2,2), (3,3) and 
I M l ) ι (6,6) state, respectively, with U = <v| μ jv^. The ratio of 
maximum (S/N) ratios can be written as 
(S/N) AS/N) = JK/S_,„,, if the assumption is made that 
JK/ J К / J к 
the measurements of the different inversion line intensities 
are performed under identical conditions. In Fig. 3.6 this 
ratio for different inversion levels of ammonia, calculated 
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Fig. 3.6 Determination of the rotational temperature in the 
primary ammonia beam, from the measured S /S 
iTV τ ' тс ' 
ratios. Scales for S../S and S /S are 
multiplied by a factor of 10. 
The measured (S/N) ratio at 1 s of the lock-in using a 60 μ 
nozzle with a backing pressure of 1500 Torr is 840, 1370, 1700 
and 105 for the (1,1), (2,2), (3,3) and (6,6) state, respec­
tively. From the resulting ( JK/S ) ratios, depicted in Eig. 
3.6 can be seen that the population of the rotation-inversion 
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levels in the primary ammonia beam corresponds to a Boltzmann 
distribution characterized by a rotational temperature Τ of 
rot 
Τ _ = 95(10) 0 Κ 
rot 
Thus the population distributions over the rotation-inversion 
levels in our primary ammonia beam and in the interstellar am­
monia clouds (CHE 69b) are comparable. 
The flow of ammonia molecules within the solid anale Ω 
с 
subtended by the cavity entrance hole at the nozzle N- can be 
c
 5 
calculated now from Eq. (3.15). For L = 16 cm, ν = 1.08 χ 10 
cm s~ , Q = 5000, V = 16 cm , F = 23, Af = 1Hz, Τ = 300 0Κ, 
* L 
Τ = 9 5 0K, μ = 1.476 D, the result is 
rot 
N * 5 χ 10 1 3 mol s"1 
" с 
This result implies a total flow of ammonia molecules of about 
14 -1 5 χ 10 mol s through the cavity with the state selector is 
switched on, as can be estimated from the ratios 
N(J,K,|M_|, +, V)/N
n
 (J,K,|M T|, +) at 30 kV given in ТаЫсД 
Ç 
3.3, i.e. the maser is operated just below the oscillation 
threshold. 
In the present investigation a superheterodyne detection 
system requiring only one klystron is used instead of the com-
mon two klystron system (VER 69). As two or even three detection 
systems are simultaneously used, application of' a single klystron 
system gives a considerable reduction of equipment needed. The 
single klystron superheterodyne detection system (SKSDS) is 
shown schematically in Fig. 3.7. The klystron serves primarily 
as local oscillator (LO). The signal oscillator (SO) of the 
current two klystron system (VER 69) is replaced by a microwave 
mixer diode whose bias current is modulated at an intermediate 
frequency of 30 MHz. A small fraction of the output power of the 
КМ* ШРРЁЯ} 
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Fig. 3.7 Single klystron superheterodyne detection system SKSDS; A = attenuator, FI 
ferrite isolator, DC = directional coupler, MD = (multiplier) mixer diode, 
WM = wave meter. 
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klystron is diverted via directional couplers to the mixer 
diode. The power reflected from the diode contains the local 
oscillator frequency and sidebands at + 30 MHz away from this 
frequency. One of the sidebands is used to excite the maser 
transition. The other sideband and the fundamental are effecti-
vely excluded from the cavity. The signal reflected from the 
cavity is transmitted to the detector crystal where it is mixed 
with the local oscillator output. The resulting beat signal at 
30 MHz (IF) is amplified, demodulated and finally fed to a phase 
sensitive detector tuned to the modulation frequency of 120 Hz 
obtained by mechanical chopping of the beam. Although the second 
sideband which contains no maser information contributes to 
mixer noise, the signal to noise ratios obtained with the single 
klystron scheme are the same as with the two klystron system 
(REI 73a). The klystron is stabilized by mixing a small fraction 
of its output power with an appropriate harmonic generated by a 
combined Schomandl, Rohde and Schwarz frequency synthesizing 
system SRS (VER 69). The resulting 30 MHz beat frequency is \ 
phase locked to a 30 MHz reference signal by means of a 
Schomandl FDS syncriminator. The frequency synthesizing system 
is locked to a Rohde and Schwarz XSRM Rubidium frequency 
s tandard. 
For accurate measurements of the effect of collisions on 
the microwave intensity a digital measuring proceidure with aid 
of a PDP/11E10 computer has been developed. In order to store 
the data digitally the output of the phase sensitive detector 
is fed to a voltage to frequency converter, whose pulses are 
sampled by a frequency counter. The frequencies obtained are 
transferred to the disc unit of the computer. Details of the 
digital data acquisition with the PDP computer are given in 
Sect. 3.8. 
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3.5 The secondary beam 
The secondary beam is formed by a fused glass capillary 
array (Mosaic Inc.), a densely packed array of many 
6 ( ^  7.8 χ 10 ) small bore channels (STO'72). The mean diameter 
(=2a) of the capillaries is 5.5 μ at a transparency of 50% for 
the array. The length L of the channels is 3.2 mm, yielding a 
length to radius ratio /a = 1164. The array is 46 mm long in 
the direction of the primary beam and 8 mm wide. The angle of 
о incidence of the secondary beam is 90 and the distance from 
the primary beam is 20 mm. The secondary beam source is mounted 
on the wall of a liquid nitrogen trap in such a way that the 
effusing molecules make angles of around 30 with the horizon­
tal plane. The angle of 30 is chosen in order to facilitate 
the cryopumping of the secondary beam. The multichannel array 
Is used for two reasons: firstly, the primary beam can be broad 
in the interaction region. The primary beam in a maser is fairly 
broad due to the application of state selection and detection 
with a microwave cavity. Secondly, the directional spread of the 
secondary beam molecules is reduced with respect to the situation 
where a common effusive source is used. The small spread in 
velocity direction facilitates the analysis of the scattering 
data and implies a large ratio of centre line intensity to total 
flow, i.e. , a high utilization factor. This is rather important 
in connection with the critical circumstances under which the 
secondary beam gases, and especially molecular hydrogen, are 
cryopumped. 
The flow of the secondary beam source is given by 
d3Ñ = Ι(Θ)Ρ
Θ
 (v)dndv. (3.16) 
Here I(6) (mol s ster ) is the flux density in the direction 
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which makes an angle θ with the normal to the surface of the 
array, such that 
ƒ 1(0) diî = Ñ , (З.іба) 
2π 
with Ñ the total flow rate through a channel ana Р
д
(ν) the 
normalizea velocity distribution of molecules travelling in 
that direction, i.e., 
oo 
ƒ Рд(v)dv = 1 . (3.16b) 
ο
 θ 
The total flow rates through the multichannel array are 
monitored with an absolute flow meter. The flow meter is cali­
brated for the different secondary beam gases by measuring the 
rate of decrease of pressure in a known volume on the high pres­
sure side of the needle valve which regulates flow rate through 
the array. The flow ranges applied, corresponding with an atte­
nuation of the primary beam over roughly one decade, are given 
in Table 3.5. As can be seen from Table 3.5 the capillaries are 
driven in the opaque mode, i.e., λ > a and λ < L, where 
Q _ ι 
λ = (/2ιτησ ) is the mean free path of the molecules in the 
source chamber with σ the molecular collision diameter in A. 
The intensity distribution 1(0) in this mode is taken from 
Zugenmaier (ZUG 66). In order to compare the flow pattern for 
different flow settings and gases, it is useful (i) to normalize 
the center line intensity with the flow rate by defining a 
peaking factor к as* (BEI 75) 
к = π — i — (3.17) 
Ñ 
(ii) to introduce an angular distribution function к f(θ) , where 
f (θ ) represents the angular profile 
f(0) = I(o)/I(0) , (3.18) 
к = 1 for a cosine emitter 
Secondary beam molecule H NH CH F CF H 
Source temperature К 77 300 300 300 
Molecular collision 
diameter in A at 3.06 4.47 5.51* 5.92* 
source temperature 
(LAN 50) 
Flow rate mol s"1 g.OxlO10-!.4xl012 4.5xl010-4.SxlO11 3.2xl010-3.ЗхІО11 3.6xl010-l.SxlO11 
per channel 
Applied range source i^ 
к, -
3
 / ^ azs 7.SxlO1 -1.2x10 5.3ХІ01 -5.3ХІ01 5.3ХІ01 -S.SxlO1 8.0xl015-4.0xl0lb density N cm (ZUG 66) 
Mean free path 
, ,.„-3 . 32 - 2.0 21 - 2.1 14 - 1.3 8 - 1.6 
λ (10 cm) 
Reduced source 
pressure η * 
10 - 160 15 - 150 23 - 240 40 - 200 
Table 3.5 Operating conditions for the multichannel array, extrapolated from (LAN 50) 
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and iii) to define a reduced source pressure n* as 
n* = L/ λ (3.19) 
Numerical values for n* for the applied flow ranges of the dif­
ferent gases are given in Table 3.5. 
The angular distribution function к f(Ö)
 l normalized to 
ƒ Kf (θ)αΩ = π (3.20) 
2ιτ 
can be written as a function of only n* and /a, which can 
easily be evaluated numerically as shown by Klaassen (KLA 76). 
Klaassen also compared the numerical results with measurements 
done by Beijerinck (BEI 75) and found a good agreement, except 
for small angles. Results for the angular distribution functions 
for the present multichannel array with (L/a) = 1164 over the 
whole range of flow settings and gases used are shown in Fig. 
3.8. From this figure it is seen that the angular distribution 
о 
at cingles larger than 2 is independent of the flow intensities 
and gases used. As the attenuation measurements have been per­
formed with fairly broad primary beams, these measurements are 
not sensitive to the changes in angular distribution functions 
at small angles in going from a lower to a higher flow. 
According to the measurements of Beijerinck (BEI 75) the 
velocity distribution is an undisturbed Maxwellian distribution 
for angles larger than the half width cingle of about 2 . In our 
calculations the velocity distribution is assumed Maxwellian 
for all angles 
P9(v)dv = | ( J ) 3 exp [-( J J2] dv (3.21) 
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Fig. 3.8 The angular distribution function Kf(6), for values 
of the reduced source pressure of n* = 10, 50, 100, 
150, 200 and 250. 
It is very difficult to keep the primary beam signal con­
stant over a longer period of time (say one hour) in the maser 
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collision machine. The drift effects on the microwave line in­
tensities come primarily from dispersion of the emission lines 
which, in spite of a large number of precautions (REI 74b) , is 
hard to avoid due to the low heat capacity of the K-band cavi­
ties. Thus in the digital data acquisition the attenuated and 
FLOW INDICATOR 
FT) η ΓΡΙ] 
= MULTICHAKNEL 
Ξ ARRAY 
COLD LABYRINTH ROTARY PUMP 
Fig. 3.9 Secondary beam system,- PC = pressure control, 
NV = needle valve, V = valve, PI = pressure indicator. 
unattenuated microwave line intensities have to be monitored 
shortly after each other. This implies that the secondary beam 
must be switched on and off fairly often during the data sampling. 
The setting time of a constant and reproducible secondary beam 
flow should be as short as possible. Out of several alternatives 
(SCH 73) the special gas handling system of Fig. 3.9 was chosen. 
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In order to keep the pressure in the buffer chamber constant the 
flow through the vacuum pump is chosen an order of magnitude 
larger than the secondary beam flow. To compensate (more or 
less) the secondary beam flow as the valve in the supply line 
to the multichannel array is closed, a parallel pump line is 
opened simultaneously via another valve. With the needle valve 
in this pump line the setting time of the secondary beam can be 
minimized ( ^  15 s). The source volume is kept as small as pos­
sible. Expensive secondary beam gases are recovered in a cold 
labyrinth baffle inserted between the oil diffusion pump and the 
rotary pump of the gas handling system. 
The secondary beam molecules are pumped by a cryopump 
directly attached to the bottom of Leybold 500 l/s Klipping 
Verdampferkryostat (VMK 500) (STO 72). From Fig. 3.10 can be 
seen that a secondary beam of hydrogen molecules is to be 
cryopumped at temperatures below the normal boiling point of 
-7 
liquid helium if background pressures of a few times 10 Torr 
are desired. Such temperatures are achieved by circulating a 
two-phase mixture of helium through pipes attached to the out­
side walls of the vessel containing liquid helium. The technique 
used for the automatic temperature control is described else­
where (SCH 73). The fraction of hydrogen molecules incident on 
a liquid helium cooled surface, which remain on the surface is 
poorly known. Reported values of sticking coefficients range 
from 0.5 to 0.9 (KLI 63, MAS 65, С Ш 66) and depend on the nature 
of the surface, its temperature, the temperature of the inci­
dent hydrogen molecules, and the thickness of the solid hydrogen 
layer. Chubb (CHU 66) has shown that the temperature gradient 
across a quite thick layer of hydrogen is small (^0.1 K/mm), 
and so quite large quantities of hydrogen may be pumped before 
desorption takes place. A hydrogen molecule reflected at the 
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VAPOUR PRESSURE (TORR 
I O " 5 
3.7 3.9 U ¡,.3 
TEMPERATURE ("К) - * · 
Fig. 3.10 Variation of vapour pressure of molecular hydrogen 
with temperature. The solid curve is based on com­
putations of Honig and Cook (HON 60) using data 
published by Wooley et al. (WOO 48). The dashed 
curve is corrected for thermal transpiration to 20 С 
(CHU 66). Open circles and crosses represent experi­
mental values by Borovick et al. (BOR 60) and 
Bachler et al.(ВАС 62), respectively. 
first impact on the cold surface will very likely be captured at 
a subsequent impact. The cryopump consists out of a number of 
thin walled copper pipes directed to the effuser in order to 
form an optically closed structure in two directions (Fig.3.11). 
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Fig. 3.11 The cryopump. 
Starting with a sticking coefficient of 0.8 a capture coeffi-
cient of this particular cryo-assembly is estimated to be 
nearly unity (0.985). The length of the cryopump pipes increases 
from the top to the bottom ensuring a stable operation, without 
pressure bursts due detachment of hydrogen "ice" or "frost" 
(Fig. 3.11). 
Pumping speed of 10 Is have been achieved as can be 
concluded from the increase of background pressure of only a 
few times 10 Torr at a secondary hydrogen beam flow of 0.2 
Torr 1 s . About 2 1 of liquid helium are necessary to cool 
the cryopump to 4.2 K. Consumption of liquid helium during ope-
ration depends strongly on the gas load and type of secondary 
beam molecule to be pumped. The consumption varies from 2 1/h 
liquid helium for molecular hydrogen to 0.5 1/h for fluoroform. 
For the secondary beam of ammonia liquid nitrogen cooling is 
sufficient. 
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Influx of radiation heat is prevented by a closely fitting 
cylinder at liquid nitrogen temperature and gold plating of the 
cryo-assembly. The liquid nitrogen shield carries the secondary 
beam source and contains two diaphragms through which the pri-
mary beam enters and leaves the scattering region. In this way 
the scattering region is well defined. The secondary beam source 
and the cryopump are mounted on two opposite NW 150 flanges and 
can easily be switched to different vessels of the vacuum system. 
3. 6 Different experimental set iqps 
3.6.1 Introduction 
The exploring character of the present investigation is 
demonstrated by the large number of experimental set-ups used. 
A most promising experimental set-up may appear to be a very 
simple one, consisting only of an ammonia source, a secondary 
beam and one or more microwave cavities to monitor the inversion 
line intensities. In this situation it is rather straightforward 
to investigate whether or not collisions can pump preferential-
ly to the upper inversion levels thus providing suitable con-
ditions for thermal or even maser emission. The major problem, 
however, in this situation is the poor sensitivity as absorption 
and emission processes are nearly in balance in the stimulating 
field of the microwave cavity. Normally the small difference 
between the populations of the upper and the lower inversion 
levels yields a small net absorption signal. This signal is 
typically a factor of 10 weaker than a maser emission line 
when using a state selector as discussed in Sect. 3.3. Digital 
averaging techniques using a computer of average transients 
(CAT) can be used to increase sensitivity (with or without 
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secondary beam flow). Working principles of the CAT and the 
measuring technique are described by Verhoeven (VER 69). The 
digital averaging is rather difficult primarily because it is 
impossible to check for dispersive distortion (see Fig. 5.1) of 
the inversion lines during the sampling. Due to the low heat 
capacitance of the K-band cavities small drifts of the room 
temperature shift their resonance frequency. A temperature drift 
of 0.1 С corresponds to a shift of the resonance frequency of 
about 30 kHz. The resulting dispersive distortion of the in­
version line shape prevents a reliable conclusion from the mi­
crowave lines observed after the long integration time. 
3.6.2 Set-up (1) 
The signal to noise problems can be solved by inserting a 
state selector permanently switched on, between the secondary 
beam and the microwave cavities as shown in Fig. 3.1. In this 
experimental arrangement(set-up (1)) the influence of collisions 
with a secondary beam gas on the relative inversion line inten­
sities can be investigated. Distortion of the line shape is now 
easily detected and corrected for. As discussed in Sect. 3.4 the 
initial population of the rotational levels in the primary beam 
can be described by a Boltzmann distribution at about 95 K. By 
collisions this distribution is affected by collision-induced 
(i) ΔJ = 0, ΔΚ = 0 inversion transitions from the upper to the 
lower inversion level and vice versa, (ii) hJ = + 1, ΔΚ = 0 
rotational transitions from and to neighbouring rotational 
levels in the same K-ladder, and (iii) ΔΚ = + 3 transitions 
within the same spin modification. The measurements are done on 
two inversion levels simultaneously in two consecutive cavities. 
The positions of these cavities can be interchanged from outside 
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the vacuum system. Assuming that the elastic collision proces­
ses do not depend strongly on J and К the mean values of the 
line intensity attenuations for both levels averaged over the 
two positions give information about the relative effect of 
inelastic collisions of ammonia with the secondary beam on the 
populations of the inversion levels involved. Only changes in 
relative populations due to inelastic collisions with angular 
deflections smaller than the maximum acceptance angle of the 
microwave detector (state selector-cavity) can be probed. A 
quantitative analysis of the measurements in set-up(1) is 
rather complicated for two reasons: (i) the large numbers of 
different collision induced inversion-rotational transitions 
involved, and (ii) the dependence of the acceptance angle of 
the maser detector not only on the apparatus geometry but also 
in a complicated way on the individual velocity and state de­
pendent trajectories through the state selector of the (in)-
elastically scattered molecules. The maximum acceptance angle 
α ι ι for an ammonia molecule scattered into rotational M4> 
Ι τ I 
substate of an upper inversion level in the center of the scat­
tering region can be obtained easily from trajectory calcula­
tions. Values of α,ι,, ι for a Stark voltage of 30 kV and a 
I J I - 1 
monochromatic beam at 1080 ms are listed in Table 3.6 for 
relevant inversion levels. The effective maximum acceptance 
angle for an upper inversion level α , defined as, 
+J 
α = arcsin 
JK \ M =—J J / J 
are also given in Table 3.6. These angles increase slightly 
for higher rotational levels. A maximum acceptance angle of 1 
in the laboratory system corresponds with a maximum angle in 
the center of mass system of 9.5 , 2 , 1.5 and 1.2 for Η-, 
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J,К м α α 
1
 J1 JK JKM J 
in degrees 
1,1 1 1.141 
0 0.283 
1.1 0.946 










6,6 0 i.ooi 0 · 2 8 3 
Table 3. 6 Maximum acceptance angles for the molecules in the 
upper inversion level. All angles for cavity Cl of 
Fig. 3.1. 
NH , CH F and CF H, respectively. Consequences of these maximum 
deflection angles are discussed below. 
In the interpretation of the scattering data in terms of 
changes in population over the inversion levels the differences 
in maximum acceptance angles must be taken into account. This 
could be done with help of the apparatus function, giving for 
each relative velocity the probability that a molecule which is 
scattered over an angle θ in the center of mass system, enters 
cm 
the detector. However the construction of such an apparatus 
function for set-up(l) is extremely difficult, because of (1) 
the large scattering region (broad beams), (2) the fact that the 
state selector trajectories must be followed after the collision 
and (3) the large number of levels involved in the population 
transfer equations (see Sect. 3.7). The complications inferred 
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Fig. 3.12 Radial distribution of upper inversion state ammonia 
molecules entering the microwave detector, in front 
of the secondary beam in set-up(1). The solid and 
dashed curves represent the distribution for the 
first and the second cavity, respectively. 
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by (1), (2) and (3) can be reduced considerably in a molecular 
beam electric resonance machine (MBER, MEE 75), where a well 
defined initial rotational state is focused into the scattering 
region(BOR 76, HEN 77). The lower detection sensitivity of a 
molecular beam maser does not permit such a focusing in the 
present machine. The radial distribution of ammonia molecules 
in front of the secondary beam source contributing to the micro­
wave line intensity, is shown in Fig. 3.12. A qualitative ana­
lysis of the results obtained in this set-up taking into ac­
count the differences in effective maximum acceptance angles 
given in Table 3.6, is done in Sect. 5.2. 
3.6.3 Set-up (2) 
In set-up (2) with the secondary beam behind the state 
selector only the initial conditions in a collision depend on 
the octopole trajectories. The primary ammonia molecules are 
supposed to travel initially along line beams, i.e., straight 
trajectories from the state selector into the (microwave) 
detector(s). The apparatus function can be constructed for line 
beams preselected with trajectory calculations. Details of the 
construction are given in Sect. 3.7, where also is shown how 
the inversion line and total beam attenuation are related to 
the differential (in)elastic cross sections with help of the 
apparatus function. The acceptance angle of the microwave ca­
vities is reduced and is 0.28 in the laboratory system cor­
responding to an angle in the centre of mass system of 2.0 , 
0.56°, 0.42° and 0.35° for Η , NH , CH F and CF H, respectively. 
Two different contributions to the observed attenuation of the 
microwave line intensity have to be distinguished, (i) elastic 
and inelastic collisions resulting in changes in velocity di-
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rections outside the solid cingle which the beam entrance hole 
of the cavity subtends from the scattering center and (ii) , in-
elastic collisions producing transitions between states and 
resulting in angular deflections less than this angle. In order 
to discriminate between these two contributions an ion gauge is 
installed behind the cavities, which monitors the first contri-
bution to the microwave line intensity attenuation averaged 
over all rotation-inversion states in the primary beam. It 
should be emphasized that only the integral over inelastic cross 
sections for small angles can be measured. Again two types of 
inelastic processes are possible, collision induced inversion 
transitions àJ = 0, ΔΚ = 0 and rotational transitions ΔJ = + 1, 
+ 2,..., ΔΚ = 0 and ΔΚ = + 3 (ΔΙ =0). An ammonia molecule which 
— — Η 
makes an inversion transition: 
|v = l, J, K> -»• |v = 0, J, K> 
in a collision will absorb a microwave quantum in the (J,K) 
cavity instead of emitting one. Thus the cross section foi^ an 
inversion transition is measured twice! Various collision in­
duced rotational transitions are possible within the same 
hydrogen spin configuration : 
|v = 1 , J, K> - + | v , , J l , K l > 
|v = 1, J 1, I O -> |v = 0, J, К > 
both yielding a decrease of microwave signal at (J,K) and 
|v = 1, J' , Ю ->• |v = 1, J, К > 
leading to an increase of microwave signal measured in the (J,K) 
cavity. Fractional populations of the rotation-inversion levels 
at 95 К are given in Table 3.7. 
J К—>- 1 2 3 
J 
9 0.102χ10"5 0.121x10 5 0.320x10 
8 0.137xl0~4 О.ІбЗхЮ"4 0.431x10 
7 0.135xlO"3 О.ІбОхЮ"3 0.424x10 
6 0.964xl0~3 O.lHxlO"2 0.302x10 
5 0.497xl0-2 0.588xl0"2 0.156x10 
4 О.ІвЗхЮ"1 0.217x1ο"1 0.575x10 
3 0.476ХІ0"1 O.SeSxlO"1 0.149 
2 О. ЗЭхЮ"1 0.993ХІ0"1 
1 О.ЭІЭхЮ-1 
4 5 6 
0.238х10~5 0.394х10~5 0.146x10 
О.ЗгОхЮ"
4
 0.53ІХІ0"4 0.197x10 
0.314х10~3 0.52ІХІ0"3 0.194x10 





Table 3.7 Fractional population of the rotation-inversion levels at 95 к. 
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3.6.4 Set-up (2) 
In order to separate the со11ision-induced rotational 
transitions from the inversion transitions, a third cavity is 
included in set-up(3). This cavity is placed between the state 
selector and the secondary beam (Fig. 3.2) and is used to switch 
a fraction of the population (not all hyperfine components are 
involved) in a certain (J·,K') inversion level from the upper 
to the lower level. This is done by adjusting the microwave 
power fed to this cavity for maximum maser signal at the center 
frequency of the main line. The change in the attenuation of 
the microwave signal at (J,K) when the microwave power to the 
population inverting cavity at (ιΤ',Κ') is switched on, is mea­
sured. The change is a measure of twice the incomplete integral 
cross section for the rotational transition ΙιΤ',Κ^ to |j,K> 
depending on the relative population of the rotational levels, 
the efficiency of the population transfer at (α',Κ') and the 
purity of the parity selection rule (Sect. 2.3, OKA 68 a, b, 
DAL 70) 
|v = ijj'K^ •> |v = ,J,K>-^-|V = ο,α',κ^ -*• |v = ,J,K> 
(see Fig. 5.4) 
Due to the finite transit time of the molecules through the 
cavity the transfer of population will be effective over the 
whole maser line width as the frequency of the stimulating 
field is fixed on the line center. 
3.6.5 Concluding remarks 
As mentioned already in Sect. 2.2 the main line resulting 
from transitions ΔΡ. = AF = 0 is taken as a representative for 
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each inversion level |j,K>, i.e. it is assumed that the colli­
sion-induced rotation (and inversion) transition probabilities 
do not depend on the hyperfine levels involved. In set-up(3) 
the same assumption is made in relation to the inversion level 
(J'jK') which is inverted at particular hyperfine components in 
the population transferring cavity. The assumption is justified 
by the fact that the quadrupole hyperfine splitting of the in­
version levels (HOU 72) is small compared to the Stark effect 
in the electric field of the perturbing molecule, which must 
be present in order to have effective inversion and rotation 
population transfer. For efficient transfer of energy into or 
from the ammonia molecule, the duration τ ,, of the collision 
coll 
must be short compared to the characteristic time of rotation 
τ ^ or inversion τ. in the ammonia molecule, i.e., 
rot inv ' ' 
τ ., * < τ . , τ. (3.23) 
coll ν , rot ' inv 
rel 
with b the impact parameter. The time required for the ammonia 
molecule to rotate by one radian is roughly given by 
-12 
τ 3x10 
rot « j s , (3.24) 
while the time for an inversion transition is typically 
τ. « 4 χ Ю - 1 1 s . (3.25) 
а.п 
Effective impact parameters resulting from Eq. (3.23) through 
(3.25) are smaller than 80 Â for collision-induced inversion 
transitions, and smaller than 8 A for rotational transitions. 
Let us examine the most unfavorable situation for our assump-
tion. Impact parameters as large as 80 Â leading to inversion 
transitions are only feasible for long range dipole-dipole in-
teractions. For the smallest (perturber CH..F) dipole moment the 
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electric field amounts to 8.64 χ 10 Vm at 80 A, resulting in 
a second order Stark shift of 18 MHz*. 
In these strong perturbing electric fields the nuclear spins 
- > • - ) - -i-
I (and I ) and the total angular momentum J precess indepen-
N Η 
-*-
dently around the instantaneous direction of the Ε-field and 
the transition probabilities are in first order independent of 
the nuclear spins. Thus the main line can be taken to represent 
the inversion level in the inelastic collision. 
The beam maser scattering machine is only sensitive for 
inelastic collisions resulting in angular deflections within 
the solid angle determined by the entrance opening of the micro­
wave detector. For the heavier (polar) secondary beam gases 
small angle inelastic scattering in the forward direction in 
the centre of mass system is probed. The experiments, especially 
in set-up (2) and (3), are only sensitive to long range interac­
tions. For Η the maximum angle ranges up to 9.5 in the centre 
of mass system for set-up (1) and up to 2.0 for set-up (2) and 
(3), while also backward scattering may be observed at about 
θ 'ν 103 . From Newton diagrams, however, can be seen that 
cm 
the angular range for backward scattering into the microwave 
cavities is relatively small. Nevertheless in the case of scat­
tering by Η the beam maser is more sensitive for short range 
interactions. 
For collision-induced inversion transitions large impact 
parameters are still effective and the differential cross sec­
tions for inversion transitions are strongly peaked in the * This is really a lower limit, the largest measured total 
cross section for dipole-dipole interactions found in lite-
2 
rature is 4750 A (T1F-NH , TOE 6 5) leading to second order 
Stark shift of 1 GHz. 
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forward direction for long range intermolecular interactions. 
For collision-induced rotational transitions large impact para­
meter encounters become less important. The inelastic cross 
sections measured at a particular upper inversion level in the 
beam maser (set-up (2)) are therefore primarily determined by 
collision induced inversion transitions. 
S. 7 The apparatus function 
The interpretation of maser scattering data in terms of 
total (in)elastic collision cross sections is rather complicated 
for two reasons: (1) a rather low angular resolution of the 
microwave detector compared with standard scattering experi­
ments and (2) interwoven elastic and inelastic effects 
(previous section). Total cross sections obtained from so 
called "apparatus cross sections" (KUK 73, WAN 73b, WIL 77) via 
angular resolution corrections are rather unreliable. The reso­
lution correction presented by Gislason and Herschbach (GIS 76) 
can only be applied to the experimental cross section obtained 
for the total beam with the ion gauge but is of no use for the 
microwave attenuation data. In this section the scattering 
data obtained in the maser are related to theoretical differen­
tial cross sections by an apparatus function. For each relative 
velocity the apparatus function represents the probability that 
a molecule which is scattered over an angle θ in the centre 
cm 
of mass system will enter the detector. This function deter­
mines the angular range of θ (the centre of mass angle, which, 
for the given primary and secondary beam conditions, may lead 
to (in)elastic scattering into the detector acceptance angle). 
Below, such an apparatus function is constructed for the situ­
ation in experimental set-up (2). The microwave line (cavity) 
90 
and total beam (ion gauge) attenuation are expressed in terms 
of (in)elastic differential cross sections and the apparatus 
functions. 
It is assumed that the inversion transitions are dominant 
over the rotational transitions in set-up (2), in which the 
secondary beam crosses the primary beam behind the state selec­
tor. Only transitions between the upper and lower inversion 
level are considered. Further it is assumed that the elastic 
differential cross section does not depend on the specific 
inversion level u(pper) or l(ower), i.e., 
(*SH*4 el §2.JK . (3.26a) du 
The microreversibility property (MES 65) for scattering yields 
that the (in)elastic differential cross sections from the upper 
to the lower level and vice versa are nearly the same, i.e., 
( inel\ /, inel\ , inel 
m " ) - (§ « ) • І -
'u ->• 1 1 ->• u 
(3.26b) 
In Fig. 3.13 the radial distribution is given of ammonia mole­
cules in front of the secondary beam source contributing to the 
maser signal. These figures are obtained from computer simu­
lations of the octopole trajectories for a monochromatic ammonia 
beam at 1080 ms . The curves show that the primary beam is 
fairly broad in front of the secondary beam source. Therefore 
in the construction of the apparatus function the primary beam 
is represented by eight line beams, passing through the secon­
dary beam at a radial distance corresponding to the maximum in­
tensity of the primary beam (Fig. 3.13). Neighbouring line beams 
are rotated over 45 degrees around the machine axis such that 
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1 2 3 
Fig. 3.13 Radial distribution of ammonia molecules in the 
upper state in front of the secondary beam, contri-
buting to the microwave signal in set-up (2). The 
solid and dashed curves represent the distribution 
for the first and the second cavity, respectively. 
Stark-voltage are 26 kV and 12 kv on the first and 
second state selector, respectively (Fig. 3.2). 
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all line beams are on a conical surface converging from the 
state selector into the (microwave) detector(s). Each line beam 
is divided into equal sections in the scattering region which 
is defined by the entrance-, and exit diafragms, Dl and D2, 
respectively (Fig. 3.2, Fig. 3.14). The effuser surface is also 
divided into equal areas each represented by one channel in its 
centre. The flow pattern of this channel is given by the flow 
Fig. 3.14 Transformation of the laboratory to the centre of 
mass frame. The ratio N. /N ^ gives the numerica 
in out ^ 
/






per channel in the opaque mode (ZUG 66) , while the total flux 
through this channel is equal to the total flow through all the 
channels of this subarea. The direction of the secondary beam 
velocity is now determined by the choice of the section on the 
line beam and the subarea on the effuser. The density of secon-
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dary beam molecules, coming with velocity v_ from a specific 
ij 
channel j at a specific section i on the line beam is given by 
Δ ν2 
n-i- (r ) = I(v, ) P(v ) - 5 - (3.27) 
2 4 r. . v 2 
where I(v. ) is the flux density (mol s ster ) normalized 
ij 
as discussed above to represent the subarea j, P(v9) is the 
Maxwellian velocity distribution and r.. is the distance 
between the considered channel j and point i on the line beam. 
The probability per second that a primary beam molecule with 
velocity ν will collide with a secondary beam molecule at v., 
and will be deflected into άΩ in the direction (0 ,ψ ) in the 
cm cm 
centre of mass system is, 
n-> (r. .) ν τ ( % Φ ,φ ) ] m , (3.28) 
ν„ in rel Χ dQ cm' cm I 
2 Ч
 'ν ! 'LJ 
Lj' Vrel( 
äl = v2 - ^  a n d ^ ( ô c m ^ c m ) ) v 
rel'' 
where ν , _ v. nd I -r^r Φ ,Ψ ) I is the relevant 
rel 2 1 Vd" cm cm / 
^
 / V τ,1J 
rel' 
differential cross section. The probability per travelled sec­
tion Δ1. along the line beam for a primary beam molecule to 
collide with a secondary beam molecule with velocity v~ in the 
range ν - h Δν«,v_ + h Δν. coming from the channel j follows 
from Eq. (3.27) and (3.28) 
/,„ \ Δν,Δΐ. 
I (ν, ) p(v )v (^
 (0 φ ) áü — І — i - (3.29) ¿i -i *• re-L \ dfi cm cm / . . 2 
•Ό > ' ν
 η
 ,ΐ] r. .ν_ν. 
rel i] 2 1 
If we neglect double collisions (attenuation measurements in 
agreement with Beer's law), summation over all chosen subareas 
on the effuser surface and intervals in ν , yields for the 
change ΔΝ of primary beam molecules in the upper inversion 
i 
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l e v e l per s e c t i o n Δ1. (KLA 77) 
ι 
~ (3.30) ΔΝ = ^ 1 ( 0 ) P ( v , ) v u i ],«_, 2 ι : .' r o l 
к •-••™.· · / Í». (f"»-,·..') ' '. (Sì"'"-'-').. J 1 
( ι i n . i d i i L ι \ v r o l , 1 D 1 -I ' d e t o e Lor 
wticrc 
1
 r o l ' I \<1 e n ' c m y v
r i i l , n ^ d cm' CTI / v r o l ,11 J 
The subscript "inside detector" under the integration sign in­
dicates that the integral is confined to those angles in the 
centre of mass, which correspond with laboratory trajectories 
through the detector after the collision. As the differential 
cross sections are cylindrically symmetric, Eq. (3.30) can be 
written as 
ij 2 : ^ 
A similar expression follows for N replacing all indices u by 
i 
1 and vice versa. The resulting equations can be solved for 
(N + N
n
). , yielding for each line beam 
u - 1 ι 
(3.31) 
9 5 
(Ν + Ν. ) = (Ν + Ν ) e x p 
U - 1 U - 1 0 - y Ι(ν_ )Ρ(ν„)ν . ¿-ι 2. . 2 r e l 
Δ ν 2 Δ 1 . 
1 ] г . . ν _ ν . 
ΐ ] ν 2 J i ] 2 1 
. j a t o t ( v .) - / d o sine І У § е 1 (о ) ) + ( § H . i n e l (e 





5T I t 
inside 
idetector /0 ijv^ \ ' cm 2 
For each choice of i,j,v„ and a fixed angle 0 the Newton 
¿ cm 
diagram showing the relation between the laboratory and centre 
of mass velocities is completely determined. The integral 
ƒ d φ cm 
inside .
 a
 , . 
.detector / cm 2 
can be solved numerically stepping on a cone around ν 
cm 
determined by θ and using standard transformation formulas 
cm 
between the laboratory and centre of mass frame (see Fig. 3.14). 
The sum in Eq. 3.32 (i) over the different sections in the line 
beam, (ii) over the different subareas on the effuser, and 
(iii) over the individual values of ν is numerically rearranged 
in a sum over only the relative velocity. This is done by sum­
ming the individual contributions for a fixed angle θ in 
Γ 1 c m 
previously chosen intervals ν ,v of the relative 
* * L rel,m' rel,nj 
velocity, using standard interpolation techniques. The resulting 
function is called the apparatus function for a line beam and 
is defined as 
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G (ν 
' r o l r e l , i r 
, ,- , -. Κ ν . ) Ρ ( ν . ) ν , 
r o i , m cm ι , : , ν 2 r e l Π 
' ^ ^ ' V ^ d . /β ч , 
with m' = m + 1 for ν 
rel,m rel rel,m+l 
^ ν ^ ν 
rel,m-l re l rel,m 
( 3 . 3 3 ) 
G (ν
 η
 ,0 ) = 0 for ν , < ν 
rel,m cm rel rel ,ιη-1 
or ν . > ν
 Ί 
rel rel,m+l 
Equation.(3.32) written in terms of this apparatus function 
reads 
(N + II ) = (N + N ) Qxo 
J - l u - 1 0 
ς : 
V
 1 ' 
r e l ,m 
ral,η r e l , r a ^ cm cm 
G ( v , ,e ) 
r e l , m cm 
J dl 
(3.34) ( 3 . 3 4 ) 
r e l , m r e l ,m-1 ' J 
Here G(ν , ,0) results from the fact that for a collision in 
rel ,m 
the forward direction in the centre of mass system, i.e. θ = 0, 
cm J T~\ i-s equal to unity for a selected 
inside 
detector } 
line beam. The attenuated microwave line intensity I is pro-
portional to 
JK 
<(N J K-Nf)> 
u 1 (3.35a) 
where the angular brackets <> denote the average over the eight 
line beams representing the primary beam. The attenuated total 
beam intensity I, is proportional to beam 
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I, i « (Ν + Ν, ) » (3.35b) 
beam u i 
where the outer angular brackets account for the average over 
the population distribution of inversion-rotational states in 
the primary beam, determined by the rotational temperature in 
the beam and the state selector efficiencies. In the foregoing 
the signal attenuation is obtained by constructing an apparatus 
function for each line beam and averaging over the different 
line beams (post-averaging). Numerical calculations wherein an 
apparatus function averaged over the different line beams was 
used (pre-averaging), yielded within 2% the same attenuations 
as in the case of post-averaging. In order to reduce the 
computation time on the central computer of the University, 
pre-averaged apparatus functions were used in the calculations. 
The construction of such a pre-averaged apparatus function, a 
time consuming routine (24 hours), was performed on the PDP/llElO 
computer used for the automatic data acquisition with the maser. 
An example of a pre-averaged apparatus function is given in Fig. 
3.15. The angles θ1 at which the apparatus functions at relevant 
relative velocities are reduced to one half of their original 
values, are slightly larger than the maximum angles obtained 
from geometrical considerations given in Sect. 3.6. The small 
increase in probed angles in the centre of mass system has large 
effects on the calculated attenuations as the differential 
cross sections are strongly peaked in the forward direction. 
In the derivation of the signal attenuations in terms of 
differential cross sections and apparatus functions the assump­
tion is made that the primary ammonia molecules in the lower 
inversion state follow -the same trajectories as the upper state 
molecules. In the actual experimental situation upper and lower 
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Fig. 3.15 Apparatus function for the (1,1) cavity in the front 
position in set-up (2) for a secondary beam of 
NH ..-molecules -
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state molecules travel over different trajectories through the 
scattering region. In this region, however, the number of up­
per state molecules is at least one order of magnitude larger, 
i.e., (N - N,) and (N + N
n
) are primarily determined by N 
u l u l ^ J u 
and the assumption is quite reasonable. 
3.8 Digital data acquisition with the PDP computer 
The ammonia beam maser is digitally controlled by a PDP 11 
computer providing for a reliable, flexible and well organized 
sampling of the attenuation data. In order to minimize the in­
fluence of inevitable drift effects such as thermal instabili­
ties of the resonant cavities, primary and secondary beam fluc­
tuations, the measuring procedure consists of a repetition of a 
certain number of steps defining one cycle. The precise contents 
of such a cycle depends on the experimental set-up which is 
used. All measuring cycles are composed of two reflection sym­
metric sequences in order to eliminate the effect of linear 
drift. An example of such a measuring cycle used in the set-up 
(2) of Fig. 3.2 is given in Table 3.8. The PDP/llElO configu­
ration consists of Ібк of 16 bit core memory, a 1.2 million 
word disc unit and a magnetic tape casette system for data and 
program storage, and two teletypes, one used as console ter­
minal, the other as on-site terminal in the experimental room. 
The ammonia maser is coupled to the PDP 11 unibus system via 
an home made special purpose interface connected with a general 
purpose interface DR11C. Symmetric pulse transfer cables accom­
plished by two sets of line driver and line receiver combina­
tions allow for long distances (checked up to 40 m) between the 
experimental room and the PDP computer. The on-site control 
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Fig. 3.16 System Diagram; A = Command or control, 
В = Interrupt request, С = 16 Bit data transfer. 
line interface DL11C. A diagram of the configuration is shown 
in Fig. 3.16. In Fig. 3.17 a detailed diagram is given of the 
interfacing to the ammonia beam maser. The special purpose in­
terface consists of three major parts: 1) the input/output 
contrôler, ii) the step selector and delay scaler, and iii) the 
multiplexer. The input/output contrôler is interconnected with 
the control and status register DRCSR of the general DR11C in-
terface and initiates all input/output interrupts. The step 
selector sets the different steps in the cycle with the appro-
priate delay time, delivering steering signals to several con-
trol devices. The multiplexer selects the data and step defining 
code provided by the control devices and transmits this infor-
mation to the input buffer register DRINBUF of the DR11C. The 
multiplexer is steered by the output buffer register DROUTBUF. 
The control devices are switches for (a) the lock-in, (b) the 
centre line frequency (c) the secondary beam, (d) the primary 
beam stop in front of the ion gauge, and (e) the microwave power 
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Fig . 3.17 I n t e r f a c e to the NH -maser. 
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fed to the cavity used for the population inversion. Control 
device (a) connects either SKSDS1 or SKSDS2 with the lock-in 
and adapts the phase. The centre line frequency is switched 
to a frequency giving the base line by coupling a low frequency 
signal in the range of 16 to 100 kHz to the 10 MHz reference 
signal of the FDS 30, which phase locks the klystron of the 
SKSDS to the frequency generating system. Control device (c) , 
(d) and (e) operates electromagnética! valve(s) in the secon-
dary beam-, high vacuum- and wave guide system, respectively. 
All switches can also be set manually on the special purpose 
interface, surpassing the computer control. 
The configuration is operated with standard real time RT11 
employing simultaneous foreground/background processing. Data 
acquisition is done in the foreground concurrent with data 
analysis and reduction or program development in the background. 
A special device handler DR for the general DR11C interface has 
been written in Assembler and is added to the operating system. 
In this way all input/output instructions are standard program-
med requests (.READ/.WRITE) in the foreground job (MACRO-11). 
The foreground job is composed in such a way that it can be 
made fully compatible with all the different experimental set-
ups by adjusting only two command arrays contained in this pro-
gram. One command array called FUNAR determines the sequence of 
steps in a cycle and the other command array called MPX governs 
the multiplexer in selecting the data. An example of FUNAR 
and MPX is given in Table. 3.8. Once the foreground job is 
started from the console terminal it comes under control of the 
on-site terminal via a general terminal handler KB. Flexibility 
and a convenient communication are realised with this system 
configuration. 
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Although the PDP/11E10 configuration contains a real time 
clock, the integration time of exactly 10 s for each step in 
a cycle is determined by the gate of the frequency counter 
(HEWLETT PACKARD SL5233) locked to the Rohde and Schwarz 
frequency synthesizer (XUC). The integration is accomplished 
by a lock-in (120 Hz primary beam modulation, RC time of 1 s) 
followed by a voltage to frequency converter (VIDAR 251), whose 
pulses are sampled by the frequency counter. Simultaneously 
several other settings such as primary and secondary beam in-
tensity, is digitalized by a modulated ion gauge (IM30-LEYBOLD 
HERAEUS) and a thermal conductivity vacuum gauge (Thermovac -
LEYBOLD HERAEUS), respectively, both followed by home made 
analog to digital converters using the exact gate of 10s. The 
trailing edge of this gate initiates the transfer of data and 
control characters via the multiplexer to the disc unit of the 
computer. The foreground job sets the next step, frees the gate 
of the counter and after an appropriate delay time feeds a 
pulse to the counter to start a new sampling. A delay time of 
30s is used as the secondary beam is switched to exceed suffi-
ciently the minimum time required for the setting of the se-
condary beam, which is about 15s. The delay times at the other 
steps are chosen equal to 7s in order to get rid of RC effects 
caused by the lock-in (RC = Is). After each measuring cycle the 
results are typed on the on-site terminal, providing for the 
experimentalist an easy check on the performance of the system 
parallel to the recorder output control. The experimentalist 
also checks a number of parameters not yet controlled by the 
computer such as temperature of the microwave cavities (dis-
persion) , cryotemperature, performance of the vacuum system, 
stabilization of the klystrons and so on. Although this will 
keep him awake further automation is planned especially with 
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respect to supervision of the resonant frequency of the micro-
wave cavities. 
The data stored on the disc are digested by a background 
program (written in RT11-FORTRAN IV). This program selects 
"good" cycles (all steps in correct order) , skips cycles yiel-
ding results which deviate more than a fixed value from the 
fore going cycles, calculates mean values of all the measured 
settings, skips cycles yielding results which are far out of 
the statistical range, and provides the experimentalist with 
the final mean values and distribution histograms. 
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CHAPTER 4 
THEORY OF INELASTIC MOLECULAR COLLISIONS 
4.1 Introduction 
The total Hamiltonian for two colliding molecules can be 
written as 
H = H + H2 + V' , (4.1) 
where Η. and Η„ are the Hamilton operators for the isolated 
molecules in a space fixed frame of reference and V' is the 
intermolecular potential. The Hamilton operators of the indivi­
dual molecules are functions of translational, electronic, 
vibrational, rotational and spin operators some of them having 
been studied by several spectroscopists of our group, among 
others Verhoeven (VER 69), Van Dijk (DIJ 71), Heuvel (HEU 72) 
and Meerts (MEE 75). The intermolecular potential V', neglecting 
relativistic effects and three body collisions, is given by 
V' = i— Δ-' = -. .·Ή , (4.2) 
4ire i,k ι*.* % Ι 4πε i,k г ' 
0 ' к i' 0 
where the indices i and к run over all the electrons and nuclei 
in molecule 1 and 2, respectively. The coordinates system with 
the relevant position vectors is shown in Fig. 4.1. The inter-
molecular potential is usually divided into a short range repul­
sive and a long range attractive contribution. In the beam maser 
scattering machine inelastic collision processes resulting in 
small angular deflections are studied. The collisions are sen­
sitive mainly to the long range attractive part of the potential 
and the interactions are weak. The contribution of the repulsive 






Fig. 4.1 Interaction geometry. 
can be neglected. The intermolecular potential can be treated as 
a perturbation of the translational-vibronic energy. Further-
1 
more the spin interactions are small for the studied Σ mole­
cules and can be neglected except for collision induced transi­
tions between different spin modifications as discussed in Chap. 
2. The Hamiltonian can be written for the vibronic ground states 
in terms of operators which operate only on the translational 
and rotational-inversion variables by application of perturbation 
theory with respect to the vibronic states : 
Η = Η + H 2 + V. (4.3) 
Here Η and H- are the rotation-translation Hamiltonians of the 
free molecules 1 and 2 and 
V = V +v +v 
permanent induction dispersion 
(4.4) 
with 
V . = <0,0 V' 0,0 >, permanent ' ' 
V induction Σ" e. 





|<ο,ο|ν·|ν ,ο>|2 |<ο,ο|ν·|ο,ν >|2 
Σ
' S = - Σ' 5 
ν. Ε ν„ Ε 
1 ν 1
 2 ν2 
and |<o,o|v"|elfe2>|' 
V.. = -Σ' -—¿ . (4.4c) 
dispersion e.e„ E + E 
1 2 el e2 
In Eq. (4.4a) through Eq. (4.4c)|θ> represents the ground elec­
tronic or vibrational state (E(0,0) = 0) and |e.>,|v> the ex­
cited electronic and vibrational state, respectively. The prime 
on the summation indicates that the summation does not involve 
•the relevant ground states. 
The scattering process can be described more conveniently 
in a reduced frame of reference, where an incoming particle with 
m.m_ 
1 2 - * • - • - * • 
mass ν = moves with the relative velocity ν = v. - v_ in 
m +m- 1 2 
a fixed potential field V(R). The motion of the centre of mass 
is factored out and the Hamiltonian of Eq. (4.3) is written as 
H = H . .. + H + V(R) , (4.5) 
relative rot ' 
where Η , ^ . describes the relative translational motion of 
relative 
a quasi particle of mass μ and 
Η . = H. + H. . (4.5a) 
rot Irot 2rot 
their (independent) rotation,- H. is the rotational 
Hamiltonian of the i-th molecule. 
In the beam maser only incomplete inelastic cross sections 
are measured, i.e., cross sections for collision induced inver­
sion and rotational transitions accompanied with angular de­
flections less than the maximum acceptance cingle of the micro­
wave detection system. Elastic cross sections are measured incom­
pletely as well due to the minimum scattering angle that may be 
detected. This implies that the attenuation of the microwave 
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line intensity depends on the apparatus geometry and, in a com­
plicated way, on the individual velocity and state dependent 
trajectories through the state selector. In order to separate 
machine independent results from the measured line intensities 
the angular distribution of the (in)elastic scattering must be 
known. This information, i.e., differential (in)elastic cross 
sections is obtained in Sect. 4.4 in the case of small angle 
dipole-dipole scattering. In Sect. 4.4 the inversion-rotation 
as well as the relative translational motion is treated quantum 
mechanically in a first order Born approximation using partial 
wave analysis. The resulting (in)elastic differential cross 
sections are used to interpret the maser scattering data for 
polar targets with aid of the apparatus function G(ν , ,Θ ) 
^ rel,m ' cm 
described in Sect. 3.7. This approach becomes extremely compli­
cated in the case of light secondary beam molecules such as 
molecular hydrogen. Information about (relative) total inelastic 
cross sections for different secondary beams and different 
rotation-inversion transitions is obtained in Sect. 4.3 using a 
time dependent perturbation treatment of the rotation-inversion 
motion in linear classical path approximation. This treatment 
analogous to Anderson's theory (AND 49), yields collision in­
duced transition probabilities Ρ (b) as function of the im-
V
rel 
pact parameter of the collision. Using simple classical relations 
between the deflection angle Θ in the centre of mass system 
3
 cm 
and the impact parameter b, the description in terms of inelas­
tic differential cross sections via 
ña ί-η&]-(ІЯ- (θ )) G(v . ,Θ ) sin Θ de dfi cm ν rel,m 'cm cm cm 
rel 
can be rewritten in terms of collision induced transition proba­
bilities as /WMWJV. 
2π Ρ (b) G(v τ ,Θ (b))bdb. 
ν
 η
 rel, m 'cm 
rel 
по 
With this result the maser scattering data both for polar and 
nonpolar secondary beams can be interpreted. In the next section 
a simple classical description of small angle scattering by 
(an)isotropic potentials will be given, yielding approximate in­
formation about the angular distribution of the scattering 
process. 
4.2 Classical small angle scattering from (an)isotropic 
potentials. 
In the case of a spherically symmetrical potential V(R) an 
explicit expression can be obtained for the classical deflection 
function (Ь) from elementary considerations of energy and mo-
momentura conservation (see for instance LEV 74) 
CO 
(Ь) = π - 2b ƒ dR 
*0 R 2 [ l - ^ - Ui] * ' ( 4* 6 ) 
'ίμν R 
where b is the impact parameter, R is the distance of closest 
approach or the classical turning point (R=0), i.e., the zero 
of the denominator in the integrand, μ is the reduced mass and 
ν the relative velocity. In the beam maser only particles which 
are scattered over small angles contribute to the microwave 
signal. With the assumption that these small angles correspond 
with large impact parameters (see Fig. 4.2), for which b == R 
V(R0) 
and Τ < < 1» t-h6 deflection function can be easily calculated 
'зц 
in the so called 'high energy' approximation. In this approxi­
mation the deflection of the trajectory is solved as a pertur­
bation of the straight line trajectory (Fig. 4.3): 
2 2 2 2 2 R = R (t) = b + ν t . (4.7) 
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—5 
V(R) = -С R substitution of the straight line trajectory in 
Eq. (4.6) yields 
С 
(Ь) = (s-1) f(s) — b" S , (4.8) 
Cípv ) 
where f (s) = h /ff" Γ (.hs-h) /Γ (^ s) . (4.8a) 
The differential cross section — — — defined as the intensity 
per unit of solid angle divided by the incident flux is expres­
sible directly in terms of the deflection function : 
doO) _ 3 ^i 
• — " ^ sinelfl. ' ( 4 · 9 ) 
'db'x 
where the summation is over the three branches of the deflection 
function contributing to scattering at an angle Θ (Fig.4.2). 
With the assumption that only i=l contributes for the small 
angle scattering, i.e., so-called interference contributions 
(REU 75) are ignored, the small angle differential cross-section 
is given by 
Usually the long range potential is dominated by an inverse 
sixth power R- dependance (due to the dispersion term of 
—fi 
Eq.(4.4c), V^. . (R) = -C^R ). In that case dispersion 6 
da(0) 1 ,15 „ ... 2,.1/3 .-7/3 ,. ... 
dñ = 6 (T6 π α 6 / ( ί 5 μ ν » θ · ( 4 Л 1 ) 
In the scattering experiments of the present investigation at 
least one of the collision partners (the ammonia molecule) 
has a permanent dipole moment. Consequently the long range part 
of the intermolecular potential is dominated by induction terms 
(Eq. 4.4b) or higher order permanent multipole terms in the 
из 
case of non-polar secondary beams, and by the dipole-dipole in­
teraction for the polar secondary beams. These intermolecular 
potentials include orientation dependent terms and the scattering 
is not anymore confined to a plane. An extension of the classi­
cal small angle scattering to the case of anisotropic potentials 
is given by the impuls approximation (CRO 66). Here again the 
change in linear momentum is given as the time integral of the 
force over the unperturbed straight line trajectory. The scat­
tering angle is the angle between the final and initial linear 
momenta : 
Ρ ' Ρ ' . +<5 +«> 




^х _ *х 1 e „ _ 1 с ,Э . ^  tan — г * = — I Fdt = I — dt, 
ρ ' ρ μν J χ μν J Эх 
(in-plane) 
+CO (4.12) 
1 С э 
— J (ä^")dt' (out-of-plane) μν 
where the integrals are taken along the straight-line trajec­
tory of Fig. 4.3. For small deflection angles the deflection 







Fig. 4,3 Geometry of the molecular collision. 
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(Ь) = Ve2 + 2 . (4.13) 
χ y 
The impuls approximation is generally applicable for any aniso­
tropic potential. In the case of two nonrotating dipoles μ eind 
μ„ (collision time short compared to the typical rotation period) 
the integrals of Eq. (4.12) can be evaluated in a straightfor­







 Δ b3 f, 2,
 (xlx2 - ^  ' ( 4 Л 4 ) 4πε b (^ μν ) 
2V2 
У
( Ь ) =
 ; νΛι. 2, (Χ1Υ2 + ^S · 
4πε b (^ μν ) 
where χ. and y. are the χ and y components, respectively, of 
the unit vector pointing along the molecular dipole i. 
Eq. (4.13) can be evaluated by substituting Eq. (4.14) 
and writing the χ and y components in spherical coordinates as 
χ = sinßcosa , 
y = sinßsina . 
The result is 
2μ μ2 
(Ь) = j sin^sin^ . (4.15) 
4πε b (^ μν ) 
Inserting this result in Eq. (4.9) the differential cross 
section becomes 
\ 4ireQCÎMV ) / 
After averaging Eq. (4.15) and Eq. (4.16) over all possible 
relative orientations the final result for the deflection 
function is 
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2 \i.U2 , 
(Ь) = - 1 _ b~J , (4.17) 
4πε0(
,5μν ) 
and for the differential cross section 







 ( 4 Л 8 ) 
The main conclusion of this section is that the differential 
άσ(Θ) 
cross section — r ^ — encountered in the present investigation 
will be proportional to θ , where η is between 7/3 and 8/3. 
Furthermore simple classical relations between the deflection 
angle Θ and the impactparameter b are obtained. 
The classical description given in this section yields an 
infinite total cross section σ with σ defined as 
TT 
a = 2тг f § £ ^ sinQdQ. (4.19) 
This is due to the fact that the classical approach does not 
take into account the wave nature of the colliding molecules. 
The uncertainty relation between momentum and position sets a 
lower limit to the observable minimum deflection angle. For in-
.»creasing impact parameters this angle is reached at G'vX/b, where 
λ is the de Broglie wavelength of the colliding particle 
system: λ = (h/μν). For angles below this value particles cannot 
be classified as being scattered and deflected. 
4.3 Total inelastic cross sections in the linea? path approxi­
mation 
Now a semi-classical model, a slight modification of 
Anderson's treatment of pressure broadening (AND 49) will be 
given. In this model total inelastic cross sections for collision-
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induced rotation-inversion transitions are obtained from a time 
dependent perturbation treatment of the rotation-inversion 
motion assuming classical straight paths of the colliding 
molecules. 
First we recall again that in the beam maser scattering 
machine only ammonia molecules scattered over very small angles 
contribute to the microwave signal. Again we assume that the 
measured inelastic effects are due to collisions at large im­
pact parameters. Then the molecular interaction is weak and in­
terference contributions (REU 75) can be neglected. The long 
range intermolecular potential is primarily determined by the 
permanent multipole interactions such as dipole-dipole, dipole-
quadrupole etc., which are the expectation values of V' in the 
-1 
ground vibronic state (Eq. (4.4a)). Expansion of r in Eq.(4.2) 









l m к 
(4.20) 
where R, f. and r represent the angular orientations relative 
to the space fixed frame of reference (See Fig. 4.1). In the 
case of rigid non-overlapping charge distribution (long range 
interactions) only the maximum value of 1 occurs: 1 = 1 +1 . 
The constants C. are given by 
1 2 
1 + m 
С.. _ (-) Г4тг(21+1).' 1 h 
г -
 ( 2 1 + 1 ) 4 L(2i1+i).-(2i2+i). J ·
 (
· ^ 
The spherical harmonics Y, (r) in the space fixed frame of 
1m 














where О , (α,$,γ) is an element of the rotation matrix. 
m 'm 
Defining the molecular multipole components M, as 
lm 
"im^V^lm^ ' ( 4 · 2 2 ) 
д. 
Eq. (4.20) substituted into Eq. (4.4a) yields (with V and M, 
1m 
short for V ^ and <0,0|м, |θ,0>, respectively) 
permanent ' 1m' c * 
v-l Σ
 c
 f 1 ^ 1 )
 v t , ^ Λ ' , , , „,
 (
 „ , - (ι+ι, 
υ 1 ^ 1 ^ 1 2 1 ¿ ^ η , - η ^ - ι τ / 
lir n'ra 1 1 " 1 m' .n . 2 ' 2 V l . m 1„[г' 
Ί"2 1 1 2 2 
(4.23) 
The molecules involved in the present investigation are all at 
least cylindrically symmetric. Choosing the molecular symmetry 
axis as polar axis, ¿it is straightforward to derive from sym-
metry considerations, that only the m=0 components of the low 
ordelr multipole moments (dipole, quadrupole) are non-zero (BUC 
67). If the molecular multipole is defined as 
^ 
4π 
M i n , (4.24) 21+1 10 '
then Eq. (4.20) reduces for a low order multipole interaction 
to
 V 
л ι = -г— ^ 2л дУ(211+1)(21_ + 1)' С. . ( 1 2 ) . 
Ι
ί
12 4 π ε 0 m m l m 2 1l Ь 1 2 ЧЬ пу^-т/ 
( i ) ( i ) ( 4 · 2 5 ) 
*
 ö0m) ( e l ' ß l ^ l ) D 0 n , ' t - 2 ' ß 2 ' V Чш^ *' ^ ) · 
As the potential energy remains weak during the collision, time 
dependent perturbation theory can be applied to the rotational 
motion, while the translational motion is described classically 
by a straight path. The time dependence of the quantum state of a 
system of two molecules is obtained by solving the equation of 
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motion for the density matrix ρ(t) 
1Λ Щ^ = [H(t) , p(t)] . (4.26) 
The Hamiltonian H(t) 
H(t) = Η ^ + V(t) (4.27) 
rot 
follows from Eq. (4.5) after the translational motion is ex­
pressed as the time dependence of the intermolecular potential 
by substitution of Eq. (4.7). The tremsition probability Ρ , (t) 
η η 
of scattering, in which the initial state labeled by the quan­
tum number η goes into the final state η *, can be expressed as 
P
n l n(t) = ^ n
1
 |T(t) |n>| 2 . (4.28) 
Here T(t) represents the unitary time development operator, 
using a Heisenberg representation in relation to the unperturbed 
energy H
r o t , i.e., 
p(t) = exp(H t/ift)T(t)p(0)T~1(t)exp(-H
 tt/ifi) . (4.29) 
Substitution of Eq. (4.29) into Eq. (4.26) yields the equation 
of motion for the matrix elements of T(t) 
-^« 1ω t 
іІКпІТІп^ = γ <n|v(t) |l><l|T(t) [n^e , (4.30) 
where ω . = (E -E^/h. For weak intermolecular interactions, 
nl η 1 
T(t) will not differ much from the unit matrix JL, and Eq.(4.30) 
can be solved by successive approximation : 
T = l + T + T + , (4 .31) 
w h e r e 
+ 0 0 ί ω , t ' 
< η | τ | n * > = •ijr- ƒ ^ I v t t ' ) [ n ^ e n n d t ' . (4 .32) 
GO 




 I IT ƒ <n|v(f)|n'>e n , n df| 2 . (4.33) 
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Inserting the (inversion) rotation quantum numbers defining the 
internal state of the colliding molecules, 
η = | V J J ^ M ^ V ^ K ^ > = I V 1 J 1 K 1 M 1 > I ( V 2 ) J 2 K 2 M 2 > 
and u s i n g (EDM 60) 
(1 ) К -M. / J 1 J . ' \ / J 1 J ! \ 
<j к M II» Э | J : K ' M ' > = (-) 1 1 Ш +1) U J ' + n ' I 1 J 1 )( 1 3 1 ) 
i i l ' O m ' i i l v i x \-K 0 К /\-M га M' / 
( 4 . 3 4 ) 
Eq. ( 4 . 3 3 ) i s e v a l u a t e d a s 
η η . . . 2 ( 4 π ε 0 ) 
+ Ц ж—« 2 Ζ 1 ! 1 ? 1 \ 2 / J i 1 i J i \ 2 
' Σ Σ гі ) ( 2 j i + 1 ) ( 2 J i + 1 ) ( 2 V 1 ) ( 2 J ¿ + 1 ) ( ) 
m = - l m m . \ m m -m / \ - K O K / 
/ J l h J í \ 2 / J2 l2 J 2 \ 2 / J2 Ь α 2 \ : 
\-M, m, M.·/ ^-K. 0 к / V-M^ m. Mi/ 
( 2 1 1 + l ) ( 2 1 2 + l ) Q l i Q l 2 | l l m r 
"1 '"1 " ' 1 ' " " ~ 2 " ^2' ""2 '"2 r , 2 r 
where Q is short for <V|Q, І ^ , and I is the time integral 
given by 
ι 7 Y L ( ñ ( t , ) ) ^n-n'" , 




Using the straight path approximation of Fig. 4.3 and Eq. (4.7) 
the time integral I can be expressed in modified Bessel 
functions (of complex argument) К (GRA 66) 
m 
< Ì 2 Ι 1*"" 1 J21
+
l 1 ι , . 
( ω τ )




where ω is short for ω TIVITIVI aTl<^ τ = 1э/ •'•s a· m e a -
J1 K1 J2 K2 J1 K1 J2 K2 
sure of the duration of the collision. Neglecting collision-in­
duced transitions into the studied inversion state of ammonia, 
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the total transition probability ρ (b) due to the permanent 
multipole interaction Q - Q for an ammonia molecule in the 
inversion state |v J К > in a collision with a target molecule 
at |( V2) J2 K2 > ' i s 3 i v e n bV 
Σ ΣΣ 
V 2 1 1 
PT ÎD) = (2J1 + 1) (¿J2 + l) А^2 ψΐφί t'viJlSHl[V2)J2K2n2-+VlJ'l4n'l{Vï)JïK2K2· 
(4.37) 
Substituting Eqs. (4.35) and (4.36) into Eq. (4.37) and using 
the orthogonality of the 3-j symbols given in Eq. (2.10) we 
obta in : 
TTT, X-K, O K , / \ - κ 0 O K /
 i 
"τ'




where С i s a dimensionless constant given by 
Q Q 2 1 (1-1)J 
1 2 
С = •— (4.38a) 
4ïïeohvb \/(21 +1) .'(212+1) .· ' 
and f (ωτ) i s the so-called resonance function, normalized to 
^ ( 0 ) = 1: 
^ ( ω τ ) = h 
^ - Ί οΐ/η ι
λ
, Ι (1+m) i (1-га) .' m 
m—i |_ ¿ li—1) . ' 
12 
(4.38b) 
The functions f (ωτ) are tabulated by Tsao and Curnutte for 
1 = 2, 3 and 4 (TSA 62). For the dipole-dipole interaction 
and the dipole-quadrupole interaction the resonance functions 
are shown in Fig. 4.4. In the beam maser scattering machine 
we are only sensitive for changes in a particular internal state 
of the ammonia molecule (suffix 1 in Eq. (4.38)). The target 
molecules (suffix 2) are assumed to form a Boltzmann distribution 
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f








1 2 3 k 5 6 7 θ 9 ω τ 
period ratio 
Fig. 4.4 The resonance function for dipole-dipole and 
dipole-quadrupole interaction as function of ωτ, 
where ω is the change in the total internal energy 
of the colliding molecules and τ is the duration of 
the collision. 
over the rotation (inversion) states. Therefore Eq. (4.38) can 
be approximated by 
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1112 2 
ρ J (b) = 2C 
Τ 
ι 4^ 1 ^ Л о к ^ \-к2о к 2/ 
(4.39) 
where the brackets < > denote Boltzmarm averages. The secondary 
beam gases used, the polar symmetric top molecules and molecular 
hydrogen, have nonzero multipole-moment matrix elements for 
AJ„ = 0. This type of transitions will be dominant in the secon­
dary beam molecule as can be seen from the resonance function 
f 1 ( ω τ ) . For molecules with a symmetry axis the Boltzmarm 
averages are given by 
J L J^-r F(J,K) (2J+l)exp{[ -BJ(J+l) + (C-B)K 2]h/kT} 
< F ( J , K ) > = J : 0 K : ~ J · 
jlo IJ-J (2j+l)exp{[-BJ(J+l) + (c-B)K ]h/kT} 
Boltzmarm averages of some permanent multipole-moment matrix 
elements for the secondary beam gases and source temperatures 
used are summarized in Table (4.1). From Eq. (4.39) follows that 
the collision induced transitions in ammonia due to the low 
order (dipole, quadrupole) permanent multipole interactions, obey 
the following selection rules 
|AJ| = IJ-J') < 1 1 and J 1 + JJ > Ij , 
(4.41a) 
ΔΚ = 0. 
In addition to these quantum number selection rules, from 
<V|Q I І ^ follows the parity selection rule 
1 
+ -«-*•- for 1 odd, 
+ Ч-* +, -«-»•- for 1 1 even (Fig. 2.2) (4.41b) 
Thus in the permanent multipole-interaction scheme the dipole 
and quadrupole moments of ammonia will lead to ΔΚ = 0 transi­
tions. The octopole of ammonia is the lowest order permanent 
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Secondary Beam 
Molecule н 2 NH3 CH3F CF3H 
Source Temperature 





1777.3 298.118 25.53059 10.34874 





< К /J(J+1)> 
[3K2-J(J+1)]
 ; 
/(2J-1) ^ J+SJJCJ+l)" 
[ 3K2-J(J+1)]2 
(2J-1)(2J+3)J(J+1)' 
0.25 5.1 14.2 30.7 
0. 0.5510 0.2890 0.5744 
0. 0.3938 0.1389 0.4162 
0.1578 0.4151 0.3894 0.4235 
0.0996 0.2284 0.1748 0.2446 
Table 4.1 Boltzmann averages for the rotational states in the 
secondary beam molecules. 
multipole having nonzero elements M.. for m ψ 0 and from Eqs. 
(4.23) and (4.34) can be seen that the octopole of ammonia will 
provide the leading term to cause the ΔΚ = +3 transitions 
discussed earlier. These transitions can also be caused by in­
duced moments in ammonia given by the intermolecular potential 
terms of Eq. (4.4b) and Eq. (4.4c). Thus the ΔΚ = +3 collision-
induced transitions are only feasible in fairly hard collisions, 
where it is not possible to describe the scattering by one type 
124 
of intermolecular potential. 
From the resonance functions graphically shown in Fig.4.4 
it can be seen that the transition probabilities for rotational 
transitions can be drastically smaller than the transition 
probabilities for inversion transitions, depending on the 
typical time of the collision determined by the effective range 
of impact parameters. The parameter χ = ωτ specifies the ratio 
of the duration of the collision, proportional to b/v, to the 
period, h/ΔΕ = — associated with the net energy transferred in 
the collision. This parameter gives via the resonance function 
an indication how effective the energy transfer will be in the 
collision, and is called the period ratio. 
Equation (4.39) is useful to compare relative transition 
probabilities for different collision induced inversion-rotation 
transitions, for polar and non-polar scattering partners. The 
transition probability is related to the inelastic cross sections 







- f Σ 




 ,Θ (b))bdb, 
rel,m' cm 
re l ,m ( 4 . 4 2 ) 
О 
b R b, 
Fig. 4.5 The transition probability as a function of the 
impactparameter b" (AND 49) ; b (defined in Sect.5.3.3 
Eq. 5.6) in determined by the angular resolution of 
the beam maser and may be larger or smaller than b . 
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where Ρ (b) represents a single term of the summation in 
Eq. (4.39) depending also on the relative velocity, and 
G(v . ,θ (b)) is the apparatus function introduced in Sect. 
rel ,m cm 
3.7. The transition probability of Eq. (4.39) is a sharply 
rising function of the impact parameter for decreasing b. Since 
the transition probability cannot be greater than one, 
г 
P (b) is set equal to unity for impact parameters smaller 
than b , where b is solved by iterative solution of 
1 1 1 2 
Ρ (b) = 1, as shown in Fig. 4.5. These approximations have 
been successfully applied to pressure broadening (AND 49), and 
should even better describe the results obtained in the beam 
maser, since we are only looking for inelastic effects in small 
angle scattering. 
4.4 Small angle inelastic scattering in Born-approximation 
The impact parameter model treats the translational motion 
classically with the trajectory as a straight line. Only the 
perturbation of the inversion-rotation motion is calculated 
quantum mechanically. In the beam maser scattering machine only 
inelastic processes with deflection angles less than the maximum 
acceptance angle of the microwave detection system can be dis­
criminated from elastic scattering, i.e., only incomplete in­
elastic cross sections are measured. In order to investigate the 
influence of the angular resolution of the beam maser on the 
observed (in)elastic cross sections the angular distribution 
of the (in)elastic scattering must be known. From the foregoing 
it is clear that the modified Anderson's theory cannot give this 
information. In order to obtain directly the angular distribution 
of the (in)elastic scattering (differential (in)elastic cross 
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sections) it is necessary to include the relative translational 
motion in the quantum mechanical calculations. This is done 
using Born approximation. In Born approximation the scattering 
is treated as a perturbation of an incoming plane wave. If the 
interaction potential V(R) of Eq. (4.5) is zero the total wave 
function for the colliding molecules can be written as 
->- - » • 
ik ,. R 
Ψ . = e
 n
 ' φ ,δ , , (4.43) 
η' η ' η'η 
->-
where к is the wave vector of the relative motion of the two 
η 
molecules (k = μν/h, with μ the reduced mass and ν the rela-
n 
tive velocity), and φ is the product of the initial internal 
η 
wavefunctions of the individual molecules 
^
n
 = (v^I^M^I (v2)J2K2M2> , (4.43a) 
In the interaction region the wavefunction of the colliding 
molecules is expanded as 
ψ = Σ ψ (к . ,R)*> . . (4.44) 
η ' η η η 
Substitution of ψ into the Schrödinger equation (4.5) and pro-
jection on the final state φ , gives the following infinite set 
->• -У 
of coupled equations for ψ (к ,R) 
η η 
2 
^ ^ ^ - ^пЛ.'^.. V-n'^nA-'U =0 ' ( 4· 4 5 ) 
where E , is the total rotation-inversion energy, in state η' 
-»-
and V „ .(R) is given by 
Vn'^ = < VlVWK,>· (4.45a) 
In Born approximation the interaction between the two colliding 
molecules is considered as a small perturbation to the total 
Hamiltonian of the system. Then ψ „ in Eq. (4.45) can be re-
n 
placed by the incident plane wave of Eq. (4.43), yielding 
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fi2 -ν ^ ik .R 
( — V + E-E ,) Φ , ( k , , R ) - V (R)e n ^ = 0. (4.46) 
ζμ η η η η η η 
Using Greens function the solution with the appropriate asymp­
totic behaviour for R -*• <* : 
-> ->-ik , .R 
*n· K'à к г т £п-п( '* ) £ -г— ( 4 · 4 7 ) 
-> 








) e n 
-·- R i k A l R " R , l 




 l R - R , l ( 4 . 4 8 ) 
The differential scattering amplitude f , (Θ.φ) of the η -*• η ' 
η η 
inelastic scattered waves follows from a comparison of Eq. 




 » , f , {Β,φ) = - -Ь-- ƒ  , (R')e П П " dR' . (4.49) 
2 Ъ2 ' n n 
Expansion of the plane wave in products of Bessel functions of 
fractional order, j , and Legendre functions, Ρ , according to 
ik .R 
e 
1 ~ 0 
n
 = V (гі+І)! 1 j f k R)P 1(k .R) (4.50) 
. *-^„ I n I n 
-and application of the well known addition theorem 
- - л
 + 1 
P I ( V R ) =ШІ Σ, Y V v Yi
m
 (« (4·51) 
m 1—1 1 1 
yields after substitution into Eq. (4.49) the following ex­
pression for the scattering amplitude 











nl.lmi0 = - ^ 2
П П
 ƒ VV'Vnl.lm.^V 0^* 2' 3* 
(4.52a) 
V
n-nL'l ( R ) = / Vn<n ( R ) Y10 ( Θ ,' V'' ) Yl·m· ( Θ ,' V' , ) d Ω , ' ( 4 ' 5 2 Ь ) 
m'O 1 
The initial m is zero as the initial velocity is chosen along 
the z-axis. The T-matrix given above is related to the well-
known S-matrix via (BUR 61) 
Τ
η·η1·1π^0 = Vnl'lmJO " δη·ηδ1 ·1δπι|0 * (4.52c) 
Finally the differential cross section for the collision induced 
transition η •*• η' is given by 
η 
The following evaluation of the (in)elastic differential 
cross sections is essentially the same as given by Gislason, 
Herschbach, Cross and Gordon (GIS 76, and references herein) 
except that it treats the rotation-inversion dependence expli­
citly, accounts for the large differences in collision-induced 
inversion and rotational transition probabilities, and, is mathe­
matically more straightforward. The Born approximation of the 
T-matrix is only valid for small angle inelastic scattering. 
Again it is assumed (1) that this scattering is due to corres­
pondingly large impact parameters b or large 1 values, (2) that 
the transfer of collisional angular momentum is small, i.e., 
11-1'| << 1 or m' « 1 , and (3) that the transfer of trans-
lational energy is small too, Ik -k ,1 << к . In this situation 
^ ' η η' ' η 
the spherical harmonic in Eq. (4.52) can be approximated by 
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(KOR 6 1 , p . 735 and 737) 
mÏ ГгГчТ i m ì^ 
Y , , . ( , ) * (-) 4 / - Z ^ — J m . ( 1 , 0 ) e ' ( 4 · 5 4 ) 
l m ' w 4π m 
w h e r e J . ( Ι ' Θ ) i s a B e s s e l f u n c t i o n . For s m a l l c o l l i s i o n a l a n -
a n g u l a r momenta, 1 < 1* , where 1* i s g i v e n by 
пЩ I ^-nl.l^O | 2 - 1 ( 4 · 5 5 ) 
the Born approximation breaks down. In the present investigation 
only the inversion channels in NH are open at the boundary 
1 = 1*, i.e., only inversion transitions contribute to the sum­
mation in Eq. (4.55). Using the unitarity of the S-matrix in 
Eq. (4.52c) and assuming all inversion transitions to be equal­
ly important the T-matrix belonging to these inversion channels 
can be written as 
^n'nl'lmJO 
'Vnl'lm.'cf ¡ = ¡ " 6n,n'Sl,l<5m^O , (4.56) 
·? ^ 
where φ „ is a function which varies rapidly with 1 
η'ni'lm' О 
and the energy for 1 < 1* and N is the number of open inversion 
channels. At still smaller values of the collisional angular 
momenta, 1 < 1**, where 1** is given by 
IT I2 « IT I2 
1
 n'nl'1**111'0' rot. channel ' n,nl,l**m'Ol inv. channel 
(4.57) 
all transitions, both inversion and rotational, are assumed to 
become equally important. Because of the unitarity of the 
S-matrix, each matrix element for an individual channel becomes 
0 — 1 
very small (Is . ,., .J = N , where N denotes the very large 1
 n'nl'lm'O' о о 
number of open channels) and the T-matrix can be approximated by 
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Vnl'lm^O , B-Wl-l 5m iO '
 ( 4
·
5 8 ) 
i.e., only the elastic diffraction scattering gives an impor­
tant contribution to the small angle differential cross section. 
With these approximations the scattering amplitude of Eq.(4.52) 
is, replacing the sum over 1 by an integral and using к , * к 
f , (0,<С) = δ , r I J
n
(10)ldl + 





1* γ-» 1-1' n'nl'lm'O /-чр 
/ ¿-J 1 e — J , ( 10) Idi + ƒ AJ ι Τ , , ,
 n
J , ( 
Л. Т^  ПГ
- 1 mi - { , " n^nl'lm^Om-
We introduce Δ ^ Ι - Ι ' and evaluate the first integral (ABR 65, 
p. 484) 
, , * J, (1*0) у η·+1 im·* 
f ,„(0,^) = δ , F -
 η
 +*т і (-) (è-) e · 
n 'n n ' n k 0 m' к 
η I n if , (Ι,ΔΙ,πι') 
1
 ' 1 e η i Γ Λ1 
/* V I a J ,(10)1(51+/ V " ι Τ , ( Ι , Λ Ι , η , ' υ ,(10) Idi 
/ ^ - fÑ -1 mi Λ ^ Л "ί 
Λ** Λ1 \ о, 1*
 Δ 1 
/Vn'1'*1'1"!' 
ΔΙ \ ο , 
(4.59) 
We evaluate the components of the Τ-matrix in Born approximation 
in the high-1 limit yielding a form Τ , (Ι,ΔΙ,ΐϋ') which permits 
to solve the integral of Eq.(4.59). Substitution of a general 
low order permanent multipele (λ )-multipole (λ„) interaction 
(as given in Eq.(4.25)) into Eq. (4.52a) yields with Eq. (4.34) 
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4 τ Γ
 \ 0 Ο Ο/ \ 0 m.' -m'/ 
1 "'Ι' 
Ο η η 
(4.60) 
where ( J. λ. j; \ / J. λ. j; \ 
-К, О К. Α-M. ΔΜ. м.·/ 
І i ' λ 1 1 1 ' 
2 (4.60a) 
Г j (k'R)j (к R)R dR 
^ hu'k k· =,/ ш ( 4 - 6 0 b ) 
η η O R 
In Eq. (4.60) Q is short for <v| Q Iv'*·. As in the previous 
1
 1 
section the following selection rules Ore valid 
LJ. = 0, + 1, ..., + λ. , (4.61a) 
ΔΚ. = 0 (4.61b) 
ι 
and the parity selection rule + •*->•- for odd λ. , (4.61c) 
+ -e-* + _ ч-*. _
 f o r e v e n χ (4.61d) 
Additionally, the following selection rules hold for the col-
lisional angular momentum as consequence of Eq. (4.60) 
1 + 1 ' + Λ = even 
Δ1 = 0, + 2 , ...,+Λ for even Л, 
(4.61e) Í tiJ. — \J , -Г A , . . . , -Г П ΔΙ = + 1, + 3, ...,+ Λ for odd Λ. 
(4.61f) 
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The integral I.,,,. , , of Eq. (4.60b) can be written as 
η η 
(ABR 65, p. 437) 
CD 
^ i i ' k k· = Ш- ƒ Jv+h ( kn'R ) V J i + 4 ( k n R ) d R · 
η η η 0 R 
This is an integral of the Weber-Schafheitlein type and can be 
expressed as a hypergeometnc function (ABR 65, p. 487) : 
π Г
к





 4irL"Tj ζ r ( c ) r ( i - b ) F ( a ' b ' c ' z ) ' 
(4.62) 
where a = ÎS(1< + 1> - Λ + 2) , b = 4(1,. - 1 > - Λ + 1) , c=l< + | , 
ζ = к /к , and к and к are, respectively, the larger and the 
smaller of к and k' , while 1 , and 1 are the corresponding 
η η > ' < f У 
I's. For large values of 1 and к and small relative changes in 
1 and к the following approximation can be made 
к 1 +h I к -к'I 
z1<+h = Г > г 1 < = e x p [ ( v ^ 1 1 ^ 1 - с ) ] г ° e~x ' ( 4 · 6 3 ) 
L >J η 
where χ = 1 к - k . / k = ; * — , represents the period 1
 η η ' ' η к ν 
η 
ratio discussed in the previous section. The hypergeometric 
function of Eq. (4.62) can be written in integral form (ABR 65, 
p. 558) 
J" tb"1 ( l - t ) ^ " 1 '<-'b.c..2, =raM^b, ƒ ^ 1 (l-t)^- 1»^ 2)-* 
for b > 0. As b ;< 0 the same procedure as follows below yields 
~ 2 
Eq. (4.64) after the rearrangement of parameters: F(a,b,c,z ) 
2, ,„ 24 c-a-b „. 2^ 
F(a,b,c,z ) = (1-z ) F(c-b,c-a,c,z ) . 
2 













 [ί+ΪΪ^ΤΓ\ dt' 
or for small Лк/к and large a 
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F(a,b,c,z ) Г(с) 
Г(Ь)Г(с-Ь) 
1 
.ƒ tb 1 (l-t)A 1 exp [ -2xt/(l-t)]dt 
О 
The substitution ц = t/(l-t) gives 
F(a,b,c,z2) = Г ( с ) 
Г(Ь)Г(с-Ь) 
f Ь"1,,^ л-Ь-Л -2хи^ J u (1+u) e du 
Г ( С )
 U(b,-A+l,2x) = Ii£L-4 (2х)Ли(!з(Л+1-Д1) ,Л+1,2хК 
Г(с-Ь) Г(с-Ь) 
(4.64) 
where U is a confluent hypergeometric function (ABR 65, p. 504 
and 505). With Г(а)/Г(с-Ь) « a for large values of a and 
c-b, we find Г(а)/Г(с-Ь) « 1 , thus the integral of Eq. (4.62) 
appears in a suitable form (substituting Eq. (4.63) and Eq.(4.64)) 
к χηΛ -χ 
,·ι ли = I J L I W k k · *Іл,,<1.А1) 
η η 
1 Г к Х У 
π _1_ η J 
uCîCA+l-Al) Λ + 1 ( 2 χ ) 
τ<,h{^+l+Δl)) 
( 4 . 6 5 ) 
The З-з symbols of Eq. (4 .60) can a l s o be a p p r o x i m a t e d i n t h e 
h i g h - 1 l i m i t y i e l d i n g (BRÖ 57) 
•ч/(21+1) ( г і ч - і у 
/ 1 1 ' Л\ / 1 1 ' л \ 
\ 0 0 0 / \ 0 m,' -m,' / 
(Л) ,тг^(Л) .π 
d
 Δ Ι , 0 ( 2 , d Д 1 , т ^ ¥ 
(4 .66) 
S u b s t i t u t i o n of Eq. (4 .65) and Eq. (4 .66) i n t o Eq. (4 .60) g i v e s 
t h e f o l l o w i n g form of t h e e l e m e n t s of t h e T - m a t n x i n t h e h i g h - 1 
l i m i t 
* ~ ^ ' λ . λ^ Λ 
Τ =» Τ f i ΔΙ m') = - ——- ' J С 
η ' n i ' l m ' 0 n ' n 1 ' ' Г hv ΔΜ ΔΜ λ 
. R U ^ K ^ . J J M p R U ^ K ^ J ' M ' ) 
2» Σ ο / 1 λ2 Μ 
Δ Μ 1 Δ Μ 2 Х 1 Х 2 \ Д М 1 ΔΜ2 - т ^ / 
(2Λ+1) ( 2 X ^ 1 ) (2X2+1)' ^ ^ ^ 
(Λ) π (Λ) π 
•
 d
 ΔΙ,Ο 4* d Л1,т| ¥ 
к χ 
η 
-χ υ(4(Λ+1-Δ1) ,Λ+1,2χ) 
е
 Γ ( ^ Λ + 1 + Δ 1 ) ) * ( 4 · 6 7 ) 
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Unfortunately, the d
 A 1 {—) cannot be written as a simple 
ΔΙ,ιη ¿ r 
function of ΔΙ, and so it is not possible to evaluate the sum 
over Δ1 in the expression of the differential scattering ampli­
tude of Eq. (4.59) algebraically for a general multipole inter­
action. For a fixed value of Λ the d ' (^ ) can, however, 
ΔΙ,ιη 2 
easily be generated numerically, using the recursion relation 





1) V m ; ) V;¡>rm, + 1 = - 2 Δ1 d^^, - (A^nV-Hn·, VJ> ^ 
(4.68) 
starting from d = 2 - . It should be noticed that Eq. (4.68) 
(Л) ' 
yields the d ... , in the Rose convention (FOX 70) , which is 
al ,m 
converted to the convention of Edmonds (EDM 60) used here via 
(Л) ΔΙ+m' ... 
dV (Edmonds) = (-) dl. , (Rose) (4.68a) 
"-i-fin ül,m' 
Further calculations are only carried out for the special case 
of a dipole-dipole interaction, where λ = λ = 1, Λ = 2, and 
ΔΙ = 0, -^2 according to Eq. (4.61e) . Numerical results for 


















Table (4.2) Relevant d , in the case of dipole-dipole 
interaction. 
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With these values the following relation can be proved for 
each m' value : 
K
m-W V * Δ1 (2) (2) -x uCaQ-Al) ,3,2x) 
1' •^•'"1' 
(4.69) 





 (2x) U(is(l+2m^ ) ,1 + 2 m^, 2x) , 
and of the recursion relations (ABR 65, p. 507) 
U(p,q,2x) - ρ U(p1-l,q,2x) - U(p,q-l,2x) = 0 
and 
(q-p) U(p,q,2x) + U(p-l,q,2x) - (2x) U(p,q+l,2x) = 0. 
Substitution of Eq. (4.67) for the T-matrix elements in Eq.(4.59) 
yields, using the results given in Eq. (4.69) , the following 




 J i ( 1 * 0 ) У 
f
n.n ^
 = V n k δ — +mtr-2 «-' 









 9 χ 2 
Σ 2 _ _ α uo,ui
 + 1 j ° - Δ Μ Σ 
ΔΙ /Ν 1 η 
C e f 1 1 2 ) 
1Δ Μ2 " \ΔΜ, ΔΜ, - m ; / 
(4.70) 
. R(l ,J (10)Id i 
where the characteristic period ratio x„ is defined as χ =1„Дк/к ; 
и О 0 η 
1 is related to a characteristic impact parameter b defined in 





m l /ν J2 ^ 2 1 
θ' η ¥3 4πε W7 (4.71) 




К ,(x)J , (10)Idi = 1 
m' m' С 
Гі* к
 I(x*)J . ,(і*е)+х*к . ,(x*)J ,(ΐ*θ)1 
m' m'-l m'-1 m' 
X0 + W 
1" (4.72) 
Substitution of Eqs.(4.72) and (4.70) into the expression (4.53) 
for the differential cross section gives for the dipole-dipole 
case (averaging over all initial eind summing over all final 
M substates using the orthogonality relations of the 3-j symbols 
of Eq. (2.10)) the following result: 
+ 2
 д * 




n ' n 
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J i 1 J i \ 2 
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K i 0 K i 
J 2 1 J 2 \ 2 
< (2J¿+1) > 6 
-κ2 ο κ2 












Гі К , ( x ) J . , (1 ) + xK ( x ) J (1 )" | ' 
I m m ' - l m ' - l m' 
(2-m|) ! {2+mp .' 
where the asteriks on the summation indicates that all terms 
in the sum are evaluated at 1=1*, and x=x*. In the derivation 
of Eq. (4.73) the fact that φ , (Ι,ΔΙ,ιη') is a rapidly varying 
function of 1 and the energy has been used: all cross products 
vanish and only the diagonal terms are taken to contribute to 
the second term of Eq. (4.73). 
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As discussed in the previous section, AJ = 0 transitions 
are dominant for the polar symmetric top molecules used as 
secondary beam gases. The Boltzmann averages denoted by the 
angular brackets < > are given in Table 4.1. The boundary 
values x* and 1* follow from substitution of Eq. (4.67) into 
Eq. (4.55) and from a similar averaging procedure as in the 
derivation of Eq. (4.73) . The result is 
+2 κ (χ*) 
•^-ч / J 1 J' \2 / J 1 J \2 ^ S m' 
Ji \-Κ1 0 K 1 / V-
K2 0 K2 / mi =- 2 1 1 
(4.74) 
The value of the collisional angular momentum 1**, where the 
transition probabilities for collisionally induced inversion 
and rotational transitions in NH, become comparable is about 
an order of magnitude smaller than 1*. The second term in 
Eq. (4.73) representing an extra contribution to the inelastic 
differential cross section due to collisionally induced inversion 
transitions is primarily determined by 1*. The first term in 
Eq. (4.73) represents the contribution to the differential cross 
section of the elastic diffraction scattering. This scattering 
is strongly peaked in the forward direction, because the de 
Brogue wavelength of the colliding particle system 
λ = h/μν (* О.зА) is small compared to the characteristic 
elastic collision diameter d* * l*/k (=* 8A). The last term in 
η 
Eq. (4.73) is the contribution to the differential cross section 
of inelastic scattering at large impact parameters. As the 
dipole-dipole interaction is of extremely long range and as only 
inelastic collisions are allowed for a pure dipole-dipole inter-
molecular potential, the peaking of the inelastic differential 
cross section in forward direction is even larger than in the 
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case of elastic collisions. The oscillating behaviour of the 
differential cross sections can be explained by the wave nature 
of the colliding molecules: the maxima occur at a distance ΔΘ, 
roughly given by ΔΘ * λ/
 # . The differential cross section for 
dipole-dipole scattering is in this way completely determined 
by the period ratio χ corresponding to the characteristic 
impactparameter b of Eq. (4.71) , via χ = (ob
n
/v . 
For a discussion of the rotation-inversion dependence of 
the (differential) cross sections the reader is referred to the 
previous section. More information on the rotation-inversion 
dependence can be obtained by including the second order Born 
terms in the approximation of the T-matrix, but the present 
state of the experiments does not justify this effort. Details 
of the calculations and numerical results for dipole-dipole 
scattering will be given in the next chapter for comparison of 





The experimental results obtained in the different set-ups 
are reported and analyzed in this chapter. All attenuation 
measurements were performed under control of a digital data 
acquisition program as described in Sect. 3.8. The measurements 
in set-up (1) and (2) were performed at several flow rates of 
the secondary beam, yielding attenuation up to 90% (one decade) 
of the primary beam signals. The different flow settings were 
chosen in an arbitrary sequence in order to check for possible 
long term drift effects in the machine. At each setting of the 
secondary beam flow the for the set-up appropriate measuring 
cycle was repeated under computer control until the standard 
deviations of the measured averages were smaller than a prefixed 
value. At about the same setting of the secondary beam flow the 
positions of the two microwave detectors tuned to different in-
version transitions of ammonia were interchanged and the proce-
dure was repeated. In this way, using the (J,K) = (1,1) cavity 
always as a reference in the system, a high relative accuracy 
in the data for different inversion levels of ammonia is ob-
tained. A measuring cycle is always composed of two reflection 
symmetric parts in order to eliminate the effect of linear drift. 
Furthermore, each measuring cycle was first tested without swit-
ching of the secondary beam in order to detect possible syste-
matic errors due to the cycle order. Only cycles with no mea-
surable systematic errors were accepted. 
For all the set-ups the measured signal attenuations, 
plotted on a logaritmic scale versus the total secondary beam 
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 exp r-(η 1)
 σ
 1 (5.1) 
l 0 r I 2 eff ueff,app J 
Herein 
(n_l) = ƒ η (x)dx Ό total secondary beam flow 
0 
with 1 the length of the primary beam trajectory through the 
secondary beam area, and η (χ) is the density of secondary 
beam molecules at the given flow setting. The effective total 
apparatus cross section σ „ depends on the experimental r
 eff,app 
set-up. The effective (n_l) at an average relative velocity 
can, in terms of the apparatus function described in Sect. 3.7, 
be written as 




The fit of the signal attenuation according to Eq. (5.1) con­
firmes the assumption made in Sect. 3.5, that the angular dis­
tribution of the secondary beam is within the experimental ac­
curacy independent of the flow in the flow ranges applied. 
Another conclusion is that double collisions are negligible 
for the flow rates used. The adequate fits indicate further that 
no serious errors are introduced by background gas, i.e., that 
the secondary beam molecules are properly trapped by the cryo-
pump. The theoretical expression for the microwave line and 
total beam attenuation, Eq. (3.35a) and Eq. (3.35b), respec­
tively, also yield a straight line plot on a semi-logarithmic 
scale. The experimental straight line plot assures that the 
apparatus cross section is independent of the flow setting at 
which it was obtained. This implies that the time consuming 
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calculation of the apparatus function is only necessary at one 
setting of the secondary beam flow. The rough scattering data 
are given in terms of the slopes of the "best" straight lines, 
obtained by means of a standard least squares fit to the indi-
vidual data at different flows. 
All secondary beams were generated from a glass capillary 
array at room temperature, except that molecular hydrogen which 
was precooled and generated at the temperature of liquid nitro-
gen. In the following three sections the results obtained for 
the different experimental set-ups are discussed separately. 
5.2 Results in set-up(l) and their interprétation 
In set-up(1) the secondary beam is crossing the primary 
ammonia beam in front of the state selector as is schematical-
ly depicted in Fig. 3.1. The population distribution over the 
inversion-rotation states in the primary beam is affected by a 
series of collision-induced transitions as described in Sect. 
3.6.2.The relative effect of the collisions on the different in-
version line intensities was measured. For NH -H scattering 
one series of measurements was performed on the Ε-type levels 
with (J,K) equal to (1,1) and (2,2) while another series in­
volved a comparison of the effect of collisions on the J=K=1 
Ε-type level and the J=K=6 A-type level. The last comparison 
was also done for the polar scatterers methyl fluoride (CH F) 
and fluoroform (CF^H) with dipole moments equal to 1.8584(5)0 
and 1.6512(5)0, respectively (MEE 73). The measuring cycle used 
in this set-up is as given in Table З.Э without the column 
"primary beam to ion gauge". From Table 3.8 can be seen that 
the line intensity was monitored not only at the centre line 
frequency but also at the frequency giving the base line, both 
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in the absence and in the presence of the secondary beam. This 
was done to reduce the error in the attenuation measurement due 
to a possible dispersive distortion of the maser line. The in­
version line intensity is proportional to the centre line signal 
because the width of a maser line depends only on the transit 
time of the molecules through the cavity, which is in a good 
approximation independent of the secondary beam flow. There­
fore I/I
n
 as depicted in Fig. 5.1 (a) is a measure for the 
microwave line attenuation. The signals I and I are obtained 
by monitoring the reflected microwave power at ν , the transi­
tion frequency, and at ν +v giving the base line. However, in 
case the maser line is distorted as in Fig. 5.1(b) sampling at 
ν + ν does not give the base line. Because the shape of a 
dispersive line (Fig. 5.1 (b)) is independent of the secondary 
beam flow, too, I'/IA and I , ,/I , ,
n
 are also measures of the 
microwave line attenuation, whereas W'/IJ!, and W,,/I are not. 
In order to obtain either I/IQ, I'/IQ or I11/!'^ the "base 









molecule (1,1) (2,2) (6,6) (1,1) (2,2) (6,6) 
Η 1.24(2) 1.20(2) 1.27(3) 1.61(4) 1..66(2) 1.7B(2) 
CH F 13.06(59) 10.12(18) 15.78(33) 12.12(52) 
CF H 17.02(38) 16.19(18) 22.48(18) 18.71(6) 
Table 5.1 Direction coefficients of the best-fit straight 
lines as discussed in the text. Errors are based on 
three standard deviations. All values are in 
Torr 1 s. 
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Fig. 5.1 Attenuation I/In measured for an emission line (a) 
without and (b) with dispersion. The solid and 
dashed curve represents the unattenuated and atte-
nuated maser line, respectively (see text). 
secondary beam. The scattering results in terms of the slopes 
of the "best" fit straight lines are summarized in Table 5.1^ 
It is clear from this table that the effects due to collisions 
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are about one order of magnitude larger for the polar scatterers 
than for H. and increase with the effective dipole moment of 
the target. In scattering with molecular hydrogen no signifi­
cant difference in attenuation on the J=K=1 and J=K=2 E-type 
levels is observed, and only for the cavity at the backside po­
sition the attenuation is clearly larger on the J=K=6 A-type 
level. For the polar scatterers the attenuation on the J=K=6 
line is, however, clearly smaller. Test measurements showed 
that the main contribution to the standard deviations in the 
averages of a series of measuring cycles comes from secondary 
beam in stabilities. Since no reliable absolute flow meters 
were available, the scattering data are analyzed in such a way 
that the secondary beam settings are eliminated. For each series 
of measurements performed at a certain setting of the secondary 
beam the mean value of the line intensity attenuation 
(I /I ) measured in the J=K cavity m the front position 
JK JK c. 
С is plotted on a log-log scale against the line intensity 
0 
attenuation ( I / I . ) measured simultaneously in the J К J К Сл 
J' = К' cavity at the back-side position С . The same is done 
for the reversed order of the cavities in the machine. The pairs 
of resulting plots are shown in Fig. 5.2. The slope DC of one 
"best" straight line of the pair plotted in each diagram in this 
figure is, assuming the same effective target density for the 
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a)NH,-H, 11 and 22 
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Fig. 5.2 Attenuation (I /I ) of the ammonia (1,1) line 
i 
measured in cavity position С, as function of the 
attenuation of the J=K^1 inversion line measured 
simultaneously in cavity position С.. Open circles 
for (1,1) cavity in the front position (C ), open 
squares for the reversed situation; DC = direction 
coefficient of the "best" straight line. 
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If the effective apparatus cross sections were independent of 
the rotational quantum numbers J and К this product was equal 
to one, i.e., the pair of "best" straight lines in each figure 
should be symmetric about the bisector at an angle determined 
by the difference in angular resolution for the two cavities 
Fig. 5.2 shows that while the effective cross section on the 
Ε-type levels (1,1) and (2,2) is the same (a), a larger effec­
tive cross section is measured on the (6,6) line (b) in the 
case of NH -H- scattering. For the polar scatterers the diffe­
rences in effective cross sections obtained on the (1,1) and 
(6,6) inversion levels are quite large but the behaviour is 
just opposite: a drastically smaller effective cross section 
on the (6,6) metastable level ((c),(d)). 
The interpretation of these results in terms of effective 
cross sections for collision-induced inversion and rotational 
transitions is rather difficult because a large number of 
rotation and inversion transitions are allowed. However, the 
effect of collisions with H- on the population distribution of 
the ammonia molecules over the rotation-inversion states in the 
interstellar clouds and in the maser may be well comparable. In 
both situations the effect is caused by collisions primarily 
at large impact parameters, at comparable relative velocities. 
As discussed in Sect. 3.4 the initial population of the rota­
tional levels in the primary ammonia beam in the' maser can be 
described by a Boltzmann distribution, or more precisely, the 
relative microwave line intensities correspond to thermal equi­
librium at 95 K. From Fig. 5.2 (a) and (b) can be seen that 
while the total attenuation on the Ε-type levels (1,1) and (2,2) 
is the same, a larger attenuation is measured on the A-type 
line (6,6) in the case of NH -H- scattering. The apparent ro-
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tational temperature deduced from the relative inversion line 
intensities at the (1,1) and (2,2) lines does not change while 
the temperature deduced from the intensities of the (1,1) and 
(6,6) lines decreases as the ammonia molecules are subjected to 
collisions with molecular hydrogen. This implies that the col­
lisions with H_ disturb the equilibrium and that collisional 
and radiative relaxation occurs too slow to achieve thermal 
equilibrium between the scattering region and the microwave 
detector. If an interstellar ammonia cloud travels through a 
large cloud of molecular hydrogen at a different kinetic tem­
perature, collisions NH -H- may similarly sustain a non equi­
librium distribution over the raetastable levels because of the 
very long relaxation time (10 years) between the metastable 
levels of different spin configurations. The result obtained in 
the maser supports the argument of Cheung et al.(CHE 69b) that 
the non equilibrium conditions in interstellar ammonia clouds 
are due to the very long relaxation time mentioned above. 
A quantitative analysis of the apparent rotational tempe­
rature from the relative intensities of the attenuated (1,1) 
and (6,6) inversion lines is rather complicated. This is due to 
the fact that the angular resolution is not the same for the 
different inversion levels of ammonia, due to the different 
state selector trajectories of the relevant rotational M > 
J 
substates (Sect. 3.6.2). 
As we have seen in Sect. 3.3 the microwave line intensity 
is primarily determined by the number of molecules in the upper 
inversion level. As the secondary beam is switched on this num-
0 ber changes from N to N 
u u 
with 
N N Ν N 
u _ u (el.se.) u (out,inel.sc.) u (in,inel.sc.) 
"Ö" 0 0 0 N N Ν Ν 
u u u u 
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Here N and N is the number of molecules in the upper in-
u u
 r j r 
version state in the presence and absence of collisions, respec­
tively; N (el.sc.) represents the molecules elastically scat­
tered outside the effective maximum acceptance of the state 
selector (Sect. 3.6.2, Table 3.6); N (out, inel.sc.) is the 
number of molecules inelastically scattered out of the upper 
inversion state (in- or outside this acceptance angle) , and 
N (in, inel.sc.) represents the number of molecules inelasti­
cally scattered into the upper inversion level inside the ac­
ceptance angle of the state selector. Table 3.6 shows that the 
effective maximum acceptance angle α . is smaller than a,.-. 
11 66 
Therefore, before resolution corrections are made, N (el.sc.)/ 
0 U N is measured larger on the (1,1) inversion line with respect 
u 
to the (6,6) inversion line, whereas N (in, inel.sc.)/N is 
measured smaller. The effective cross section of the (1,1) in­
version line is then overestimated relative to the (6,6) line. 
This effect may be responsible for the quite large differences 
in attenuation measured for the polar scatterers. For NH.--H-
scattering the behaviour of the relative inversion line inten­
sities is just opposite. A possible angular resolution correc­
tion will increase the change in apparent rotational tempera­
ture due to collisions with molecular hydrogen. 
A quantitative analysis involves a solution of a large 
number of coupled differential rate equations. These equations 
have to be solved for the various possible trajectories through 
the scattering region and for each type of a collision the re­
sulting trajectory of the primary ammonia molecule has to be 
followed through the detector. This will lead to an unaccep­
table computing time. To reduce the computational effort and 
in order to measure directly cross sections for collision-
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induced transitions, the scattering centre is placed between 
the state selector and the cavities, in set-up (2). Collision-
induced inversion transitions are dominant for this geometry 
and the population transport equation can be easily solved in 
first order for a two-level model as described in Sect. 3.7. 
5.3 Cross sections for collision induced inversion 
transitions 
5. 3.1 Introduction 
In set-up(2) the secondary beam is crossing the primary 
ammonia beam behind the state selector as shown in Fig. 3.2. 
Attenuation measurements were performed on metastable inversion 
levels of both the spin modifications, the (1,1) and (2,2) para 
(I « Ь levels, and the (3,3) and (6,6) ortho (I =T) levels. H 2 Ά ¿ 
Secondary beam gases used were molecular hydrogen and the polar 
molecules CH F, CF H and NH,. The measuring cycle used in this 
set-up is given in Table 3.8. Figure 5.3 shows typical plots of 
the microwave line and total beam intensities for (a) NH -H 
scattering and (b) NH -NH., scattering. The results obtained in 
terms of direction coefficients of the "best" straight lines 
are summarized in Table 5.2. Two features of the data are ob-
vious from Table 5.2. Firstly the measured effects for polar 
scatterers are substantially larger than those obtained for 
molecular hydrogen. Secondly, only for polar targets the dif-
ferences in microwave line and total beam attenuations are 
clearly significant. 
5.3.2 The system Ν H -polar scatterer in Bom-approximation 
ó 
The experimental attenuation by polar secondary beams can 
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I in arbitrary units 
1.0 
0.3 
total flow in Torrls 
0.Í, 
-1 
total (low in Torrls"1 
Fig. 5.3 Attenuation of the total beam and inversion line in-
tensities (cavity at backside) as function of the 
total (a) H? and (b) NH- flow through the effuser. 
Vertical bars represent three standard deviations. 
Squares and solid line are fore the total beam atten-
uation , circles and dotted line are for the micro-
wave line attenuation at the (1,1) level, triangles 
and dashed line same for the (6,6) level. 
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Secondary beam molecule 









3.52(11) 34.57(72) 55.46(110) 20.50(38) 
3.08(14) 28.42(134) 52.65(109) 21.23(56) 
3.17(11) 29.31(65) 56.19(149) 22.47(29) 











4.53(30) 33.37(131) 63.90(180) 24.00(249) 
Ion gauge 3.91(14) 19.43(38) 29.32(88) 12.51(25) 
Table 5.2 Direction coefficients in Torr 1 s of the "best" 
straight lines as discussed in the text. Errors 
are based on three standard deviations. 
be interpreted in terms of (in)elastic cross sections for the 
studied inversion level of ammonia assuming that the collisio-
nally induced inversion transitions are dominant in this set-up. 
Differential (in)elastic cross sections (for collisionally in-
duced inversion transitions) obtained in Born approximation for 
small angle dipole-dipole scattering (Eq. 4.73) are substituted 
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into the expressions for the signal attenuations (Eq. 3.35a) 
and (3.35b). The resulting theoretical attenuations are compared 
with the experimental values. Values of the relevant multipole 
moments used in the calculations are given in Table 5.3, while 





















Table 5.3 Permanent multipole moments of the scatterers. 
a
 ref.(FOR 75) 
Ь
 ref.(СОН 74) 
C
 ref.(VER 70) 
d
 ref.(MEE 73) 
can be found in Table 4.1. As discussed in the introduction of 
this section all comparative calculations are only necessary at 
one setting of the flow and the results are given in Table 5.4. 
From this table we notice that for NH -NH and NH -CF H 
scattering the agreement between theory and experiment is quite 
satisfactory, but not for NH -CH F scattering. Apparently 
NH -NH and NH -CF H scattering is well described by dipole-
bocondary beam 
molecule and 
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Table 3.4. Comparison between Lh«iory and eKptiriment lor i_he polar (.ОІІІ&АОП partners in tho framework of the Born-approximation. 
154 
dipole intermolecular potential, while the same potential des­
cribes NH..-CH F scattering rather poorly. This may be due to 
the fact that at room temperature the CH F molecule rotates 
primarily around axes perpendicular to the molecular symmetry 
axis, leading to a small effective dipole moment in the colli­
sion. In quantum mechanics this means that only states with low 
values of К are well populated in the prolate symmetric top 
2 
CH F yielding a small Boltzmann average for К /J(J+1) as shown 
in Table 4.1. In scattering by CH F the long range dipole-dipole 
interaction is not as dominant as in scattering by the oblate 
polar molecules : higher order multipole interactions should be 
included in the calculations for NH -CH F. 
In Table 5.4 also a comparison is made between the total 
apparatus cross section resulting from Eq. (5.1) and (5.2) , and 
the theoretical total cross section obtained by integration of 
the theoretical differential cross section (Eq. 4.73). 
Numerical calculations of the different terms of (Eq. 4.73) 
yield that for a dipole-dipole intermolecular potential, the 
inelastic contribution to the differential cross section is 
more peaked and larger in the forward direction than the elas­
tic contribution. Consequently, whereas normally less molecules 
are registered as being scattered due to finite angular reso­
lution, with a microwave detector which monitors a signal pro­
portional to N - Ν , more molecules are registered as being 
scattered because those molecules scattered inelastically into 
the acceptance angle of the microwave detector cause stronger 
effective attenuation by increasing N . The integral over θ 
1 cm 
in Eq. (3.34) for (N - N ) is negative, i.e., in the case of 
finite angular resolution an extra terms is added to 
G(v , ,0) σ (ν , ) in Eq. (3.34) to obtain the microwave 
rel,m rel,m 
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line attenuation. As the integral over θ in Eq. (3.34) for 
cm 
(Ν +N,) is positive the extra contribution to 
u 1 
G(v . ,0)n (v . ) to obtain the total beam attenuation is 
rel,m rel,m 
negative. Comparison of Eq.(3.34) with Eq. (5.1) shows that in 
the case of a finite angular resolution the apparatus cross 
section measured with a microwave cavity is larger than the 
total cross section, while the apparatus total cross section 
measured with the ion gauge is smaller. Thus for polar scatter-
ers in the maser we have the exceptional situation that the 
limited angular resolution enlarges the effective total cross 
section measured on a microwave line. The assertion of 
Kukolich et al.(KUK 73) that the finite angular resolution 
reduces the effective collision cross section by a factor of 
two is rather unfounded, and the increase of angular resolution 
cannot account for the much larger total cross sections published 
subsequently by the same group (WAN 73b, Table 5.5). From Eq. 
(3.34) can also be seen that the total collision cross section 
must be within the range defined by the total effective appa­
ratus cross section obtained on the microwave line and the total 
effective cross section measured with the ion gauge and rather 
close to the value obtained on the microwave line. 
The rotational dependence of the effective apparatus cross 
sections measured at different inversion levels is in agreement 
with the theoretical predictions for the oblate polar scatterers. 
The small systematic deviations towards larger effective appa­
ratus cross sections, compared with the calculated total cross 
sections, especially for the lowest metastable inversion level 
J=K=1, may, apart from the above mentioned finite angular reso­
lution effects, also be due to an incomplete uncoupling of the 
nuclear spins in the collision process (see Sect. 3.6.5). In 
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Scattering gas 









510 520 570 
770 780 1020 
380 430 460 
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(this work) 397 318 492 
Table 5.5 Total apparatus cross sections obtained by the 
2 
MIT group (all values in Λ ). Uncertainty in abso­
lute cross sections is + 30%, in relative cross 
sections + 10%. 
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this case the collision induced transitions are between the 
relevant hyperfine levels. Consequently, the applied pre-ave-
raging over all the hyperfine states in the construction of 
the apparatus function (see Sect. 3.7, Fig. 3.13 and Sect.3.3.2) 
and the use of a collision-induced transition probability (or 
differential cross section) only determined by the rotational 
state, is not correct. The small systematic deviations may then 
be explained by the increasing transition probability especial-
ly at low J values for the upper hyperfine levels with the 
higher quantum numbers for F (see e.g. TOW 55, p. 501), which 
are preferentially selected by the state selector, also especi-
ally at low J values (see Table 3.4). The most striking example 
is the J=K=1 metastable level where only the F =2 quadrupole 
hyperfine level is selected (Table 3.4). The difficulties due 
to incomplete uncoupling of the nuclear spins in the collision 
process can be eliminated using "post-averaging" over the hyper-
fine levels. In this approach the attenuation for each relevant 
quadrupole hyperfine level due to collision-induced hyperfine 
transitions could be calculated and the attenuation at the in-
version line results then from a weighted averaging over the 
attenuations at the different quadrupole levels. In the post-
averaging the different state selector efficiencies at the hy-
perfine levels must be taken into account. Post-averaging over 
the hyperfine levels however involves two serious complications: 
(1) the two level scheme cannot be handled and (2) the appara-
tus function has to be calculated separately for each hyper-
fine level involved. Complication(1) can be reduced by admitting 
only AF =0 transitions in the calculations. Complication(2), 
however, involves a considerable increase of the computing 
time, which is already immense (see Sect. 3.7) in the present 
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approach. The results obtained with pre-averaging over the 
hyperfine levels are, however, quite satisfactory for the pre-
sent state of the investigations. 
The sums of the calculated inelastic and elastic integral 
cross sections are indeed close to the total effective appara-
tus cross sections measured for the inversion lines. The cal-
culated inelastic integral cross sections can be regarded as 
being experimentally confirmed for collision induced inversion 
transitions. 
It is seen from Table 5.4 that the fit between theory and 
experiment for the total beam attenuation is not as satisfactory 
as for the microwave line attenuation. Inspection of Eq. (3.34) 
shows that the total beam attenuation is more sensitive to the 
angular resolution. In addition the total beam attenuation must 
in the theoretical calculations be averaged over the population 
distribution in the primary beam. In the actual calculations 
only the metastable levels up to J=6 are involved in this 
(post-)averaging procedure. 
As we are primarily interested in the integral inelastic 
cross sections, it is recommendable to increase the acceptance 
angles of the microwave detectors. The contribution of elastic 
scattering to the microwave line attenuation is then reduced in 
favour of the inelastic contribution. Inspection.of Eq. (3.34) 
shows that the microwave line attenuation is completely deter-
mined by inelastic effects when the acceptance angle of the 
cavity is increased in such a manner that the apparatus function 
becomes constant over the angular range in the centre of mass 
where the differential cross sections contribute significantly. 
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5.3.3 An alternative interpretation of small angle scattering 
data in linecœ path approximation 
The results obtained for the non-polar scatterer H. cannot 
be interpreted in the same way as for the polar scatterers. The 
simple reason is that no differential cross sections for col-
lisions induced inversion transitions are available for the 
system NH-H (see Sect. 4.1). 
However, if the effects of the collisions are assumed to 
depend only weakly on the rotational quantum numbers in the 
case of NH-H- scattering, then inelastic effective apparatus 
cross sections can be deduced from the measurements and compared 
with theoretical predictions of the linear path approximation 
of small angle scattering presented in Chap. 4. The implica-
tions of this rather crude assumption are first investigated 
for the polar perturbers, whereafter the method is applied to 
NH-H- scattering. Equation (3.34) now reduces to 
Ьк ^К Г
 9 V ^ /" .„ , r . . , (da l n e l ( 0 ) \ 
δ
 e x p
 -
2 L · J d e c m S i n ( ' c m G ( v r
e
l , m ' f l c
m
)
 l äff ^ ) BEAM I ^ ^ \ ' V , BEAM ν , re l , 
*- rel,m 
( 5 . 3 ) 
where I J K , І в Е А М and I° K, 1 ^ are the microwave line and 
total beam intensity in the presence and the absence of colli­
sions, respectively. The same angular resolution is supposed 
for the microwave cavity and the ion gauge in the derivation of 
Eq. (5.3). As discussed in the introduction of Chap. 4., Eq. 
(5.3) can be written in terms of impact parameters since the 




of mass frame and the impact parametere b is known, 
Σ
ƒ db b G(v . ,0 <b) )2*P(v , , 
J r e l , m cm r e l , m 
О 
= — e x p 
BEAM I , 
BEAM 
2 >  ( b ) ) ,b) 
^ J r e l , m cm — 
r e l , m (5 .4 ) 
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Here Ρ (ν , ,b) is the inversion transition probability 
rel,m 
(Eq. 4.38) in a collision with impact parameter b at a relative 
velocity ν , and Θ (b) is the classical deflection function 
rel cm 
(Sect. 4.2). 
In analogy with Eq. (5.1) an inelastic effective apparatus 
cross section can be defined by the relation 
0 
JK _ JK г „, ,. Inel , / r e , 
exp L-2(n0l) σ J. (5.5) 1HEAM 1° 2 e f f e f f ' a P P 
BEAM 
The numerical dependence of the apparatus function on the 
detector position is known. The direction coefficients for the 
"best" straight lines describing the total beam attenuation 
are corrected for the difference in angular resolution of the 
ion gauge and the microwave cavity (at the backside position) 
with help of this numerical dependence. With Eq. (5.4) and 
(5.5) a comparison can be made between the theory and the 
experiment. 
5.3.4 The system Ш -polar scatterer in linear path approxi-
О 
mat ion 
For polar scatterers the deflection function Э (b) is 
cm 
given by Eq. (4.17) where the dipole moment of the primary am­
monia and the secondary beam molecule is replaced by the effec­
tive value at the studied inversion level and rotational tempe­
rature (Table 4.1), respectively. The inversion transition pro­
bability P(v , ,b) is given by Eq. (4.38) summed over the 
rel ,m 
dipole-dipole and dipole-quadrupole term of the multipole ex­
pansion (Table 5.3). The theoretical predictions for I T T <-/
I
R Fn M 
and σ __ resulting from Eq. (5.4) and (5.5) are compared 
eff,app 3 1 
with the experimental results in Table 5.6. The comparison is 
Secondary beam 
molecule and 
flow in Torr 1 s 
direction coefficient* 
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corrected for angular resolution, see text. 
Table 5.6 Comparison between experiment and theory for polar scatterers in linear patii approximation. 
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only made for the cavity in the backside position, where smal­
ler corrections for the difference in angular resolution of the 
ion gauge are necessary. In view of the assumptions made it is 
encouraging that the agreement between theory and experiment is 
so good. This agreement ia partly due to the fact that in the 
maser only inelastic collisions in forward direction are probed, 
i.e., only collisions at impact parameters large compared to 
b , where b is given by Ρ (b ) = 1 (See Fig. 4.5). Especially 
at small impact parameters the transition probabilities, cal­
culated with the straight path action integral of Eq. (4.35a) 
would become too large, leading to unreliable total inelastic 
cross sections in this model (compare Table 5.4 and 5.6). But 
the model seems to be quite reliable to predict the effective 
(incomplete) inelastic cross section measured in the maser. 
Comparison of σ „ in Table 5.6 with the calculated integral 
eff,app ^ 
inelastic cross sections of Table 5.4 shows that incomplete 
inelastic cross sections are measured in the maser. The con­
clusion drawn by Wang et al. (WAN 73b) that fairly complete in­
elastic cross sections are measured in the maser is not cor­
rect. In their crude guess of the incomplete inelastic cross 
section, Wang et al. subtract σ (the effective cross section 
~ -ηΐσ 0 BAM for the total beam attenuation, I„„,.. = !„„„„ e , with η 
BEAM BEAM 
the density of scattering gas and 1 the length of the scattering 





wave line attenuation, I = I e ). However, they should 
JK JK 
divide the difference by a factor of two (compare Table 5.5). 
The link between the theory and experiment in the framework of 
the linear path theory given here in Eq. (5.4) should replace 
the corresponding expression resulting from the work of 
Kukolich et al. (WAN 73b, FOR 75) 
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I I te 
Y^L = ~ . e x p [ - 2 n l f 2 u b d b P ( b ) ] ( 5 . 6 ) 
BEAM !„„«„ •/ 
BEAM b 
Here the impact parameter b is supposed to result in a deflec-
R 
tion angle Θ which corresponds to some fixed apparatus angular 
resolution (WAN 73b), or is rather arbitrarily set equal to 
(σ /π) (FOR 75); Ρ(b) is the transition probability given 
by Eq. (4.38) at the average relative velocity. The expression 
of Eq. (5.6) corresponds to an apparatus function which has the 
form of a step function and does not allow for a proper ave­
raging over the relative velocities involved in the scattering 
process, while b and P(b) depend strongly on the relative ve-
R 
locity of the collision partners. Moreover, the impact parameter 
b may be smaller than b (FOR 75, see Fig. 4.5) leading to 
R 1 
unreliable (too large) values for the integral in Eq. (5.6). 
Equation (5.6) does not take properly into account that the 
elastic and inelastic processes occur simultaneously. 
Calculations performed in the linear path approximation 
yield total inelastic cross sections for rotational transitions 
which are at least an order of magnitude smaller than the in­
elastic cross sections for an inversion transition. Evaluation 
of Eq. (5.4) for a pair of rotational levels yields a negli­
gible contribution of the rotational transition to the ratio 
ITI./I „ л м ( < 1% of the inversion contribution) . This result 
confirms the validity of the assumption of an isolated inversion 
doublet made to derive cross sections for collision induced in­
version transitions in NH by polar scattering partners (two 
level scheme). 
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5.3.5 The system NH -H in Ыпеар path approximation 
In the case of NH -H- scattering the expression for θ (b) 
J ^ cm 
is taken from the classical formula (4.10) , where С is 
3 S 
set equal to С . = y y Q because the dipole-quadrupole in­
teraction will be dominant in the forward direction. Again the 
dipole moment of ammonia and the quadrupole moment of molecular 
hydrogen are replaced by their effective values at the inversion 
level studied and rotational temperature (Table 4.1). The tran­
sition probability Ρ (v . , b) is given by Eq. (4.38) for 
reJ. ,in 
the dipole-quadrupole term. Two other types of perturbing in­
termolecular long range interactions may be important. The 
large dipole moment of ammonia induces a dipole moment in H_ 
and this induced dipole moment interacts back on the 1) dipole 
moment (DID) and 2) quadrupole moment of the NH molecule 
(QID). Due to the symmetry of the dipole-induced dipole (DID) 
potential this perturbation cannot induce transitions between 
two levels of the same inversion doublet because these have op­
posite symmetry. The second (QID) potential has the proper sym­
metry to induce inversion transitions but is small compared to 
the dipole-quadrupole interaction at large impact parameters. 
The resulting theoretical predictions in linear path 
approximation are compared with the experiment in Table 5.7. 
This table shows that the present experimental accuracy only 
allows to give an upper limit to the inelastic apparatus cross 
sections for NH,-H- scattering. An improvement of the experi­
mental accuracy by one order of magnitude is necessary in order 
to allow for a more conclusive comparison between the experi­
ment and the theoretical model. This improvement, however, can­
not be achieved by increasing the averaging time. Table 5.7 
clearly shows in which direction the solution of this 
inversion (n.l)
 Γ
 Ι/Τ« Ι,„/Ι«τ,».. σ ^^ σ σ 
2 eff ' 0 JK7 BEAM rff,app eff,app 
line cavity / measared calculated measured calculated cavity / 
, /ion gaage , , / /ion gauge 
, oackside/ backside/ ( J, K) 
bq. (b.2) Eq. (5.4) Eq. (5. b) bq. (5.5) 2-T/P(b)bdb Eq. (b.l) 
| (io1'™"7, | | , 2 
(1,1) 5.794 О.Ь36(9) 0.9Ü9(¿9) 0.995 1(j) О.э 26.ь 118(3) 
U,¿) 4.951 0.543(20) 1.011(37) 0.995 -1(4) О.Ь 2/.6 121(7) 
(3,3) 5.204 0.557(9) 1.028(30) 0.995 -3(3) 0.5 2/. 5 112(3) σί 
СП 
(6,6) 5.Ρ87 0.461(24) 0.851(39) 0.993 1Ь(7) 0.6 27.3 146(10) 
total 
beam 0.542(13) 119(5) 
Table 5.7 Comparison between theory and experiment for NH -u scattering in linear patii approximaLion. Total molecular 
hydiCKjen ilow - 0.1695 Torr 1 s ; direction coefficient total beam attenuation = 3.61(14) Torr 1 s* 
corrected for angular resolution (^ee text). 
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problem should be sought: a larger fraction of the integral 
inelastic cross section for the inversion transition must be 
measured by increasing the acceptance angle of the microwave 
detector (compare Eq. (5.3)). 
In the interstellar clouds, where the ammonia inversion 
lines are seen above the isotropic background continuum (CHE 69 
a,b) , the collisional excitation rates are at least comparable 
with the rates of transitions induced by the isotropic 3 К 
radiation (see Sect. 2.4.). The inelastic integral cross sec­
tions for inversion transitions induced by collisions with H. 
given in Table 5.7, require H9-densities in these interstellar 
¿
 _з 
(ammonia) clouds of at least 400 an 
Calculations performed in the impact parameter model for 
a pair of rotational levels of ammonia yields inelastic cross 
sections for rotational transitions (AJ = + 1, + 2 ; ΔΚ=0) com­
parable with the cross sections for a collisionally induced in­
version transition (AJ=0, ΔΚ=0). This implies that one has to 
be careful in applying the two level scheme to NH -H- scatte­
ring. 
5.4 The contribution of collision-induced rotational 
transitions 
A third microwave cavity was inserted in the experimental 
set-up (3) (Fig. 3.2) in order to investigate the contribution 
of collisionally induced rotational transitions to the total 
effective apparatus cross section as measured in set-up (2). 
The end caps were removed from this cavity in order to have 
optimum utilization of the primary beam molecules leaving the 
state selector. Until now only measurements were done on a set 
of three Ε-type levels, namely (J,K) = (1,1), (2,1), (2,2) for 
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the polar scatterers NH and CF H and the non-polar H . The 
(2,1) cavity is situated directly behind the state selector. 
The effect of inversion of the population in the (2,1) inversion 
level on the attenuation measured at the (1,1) and (2,2) in­
version lines is studied. The population inversion at the (2,1) 
level was achieved by admitting an optimum stimulating micro­
wave power to the (2,1) cavity. The population inversion in the 
(2,1) level is transferred to the (1,1) and (2,2) level via 
collision-induced rotational transitions ΔΚ = 0 and ΔΚ = +3, res­
pectively, as is illustrated in Fig. 5.4 for "dipole-type" 
(OKA 68a) transitions. The effect on the attenuation measured 
at the metastable levels can be interpreted in terms of these 











Fig. 5.4 Change in attenuation of the metastable lines at 
inversion of the population in the (2,1) doublet. 
Solid levels are initially populated, dashed levels 
are initially depopulated. 
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Fig. 5.5 Measuring cycle used in set-up (3). 
The measuring cycle used in the set-up is given schema­
tically in Fig. 5.5. As can be seen from this figure also in 
the absence of a secondary beam the power fed to the inversion 
cavity (2,1) is switched on and off. This was done to correct 
for possible instrumental effects. All measurements were per­
formed at a total attenuation of about 50% of the metastable 
inversion lines. Various test runs were performed with and 
without secondary beam but no measurable systematic errors 
were found. The effects of collision-induced rotational tran­
sitions from the (2,1) doublet to the (1,1) and (2,2) doublets 
proved to be small, in the order of 0.2%, but are well repro­
ducible. In collisions with the polar molecules NH, and CF-H, 
the attenuated microwave line intensity increases slightly on 
the (1,1) level, by +0.2(2)% and +0.1(2)%, respectively, while 
it decreases by -0.5(1)% and -0.10(4)% on the (2,2) line, when 
the inverting power is admitted to the (2,1) cavity. In colli­
sions with molecular hydrogen a decrease is observed on both 
the metastable levels, by -0.3 (1)% at the (1,1) line and by 
-0.10 (6)% at the (2,2) line. 
The result obtained for the polar scatterers can be ex­
plained adopting an intermolecular potential wherein the 
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dipole-dipole term is dominant. Parity changing collision-in­
duced transitions are then "preferred"(OKA 68a). without the 
inverting power in cavity (2,1) the preferred collision-induced 
rotational transitions are from the upper (2,1) level to the 
lower (1,1) and the upper (2,2) inversion state. As the popu­
lation in the (2,1) inversion doublet is transferred to the 
lower level by the stimulating power in cavity (2,1) the pre­
ferred transitions will be just to the other metastable sub-
levels as is schematically depicted in Fig. 5.4. Therefore an 
increase of attenuated microwave line intensity is expected 
on the (1,1) line, together with a decrease on the (2,2) line, 
in agreement with the experimental results. Figure 5.4 shows 
that the change in attenuation of the line intensity is a 
measure of twice the incomplete apparatus cross section for the 
relevant collision-induced rotational transition. 
A striking experimental result is that the ΔΚ = +3 colli­
sion-induced transitions (2,+l) -*-»• (2,-2) have at least compa­
rable cross sections to the ΔΚ = 0 transition (2,1) •*-> (1,1). 
The assumption of a two level scheme in the previous sec­
tion is well acceptable for polar scatterers: σ. 
inelastic 
(rotation) < 1% of σ ^
 π
, while Table 5.4 shows that 
^ total 
σ. , .. (inversion) > (σ . ,)/2. inelastic 'ь total 
For collisions with Η the results cannot be analyzed in 
the same way. This may be due to the fact that there is no 
dominant term in the intermolecular potential inducing rotatio­
nal transitions (dipole-induced dipole ъ dipole-quadrupole). 
Nevertheless from the measurements can be concluded that the 
incomplete apparatus cross sections for ΔΚ = 0 and ΔΚ = +3 col-
lisionally induced rotational transitions are of the order of 
0.1% of the total effective apparatus cross section of about 
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100 A . This result supports the argument in the previous sec­
tion that for NH -H- scattering the contribution of inversion 
and rotational transitions to the measured incomplete cross 
section may be comparable. 
Moreover this result shows that already at moderate H_ 
_3 
densities of about 150 cm the collisional population transfer 
in ammonia involving К = +3 becomes dominant over the radiative 
-10 -1 
К = +3 transitions, with typical rates of 1.4 χ 10 s (OKA 
71). The requirement of H densities of at least 400 cm in 
interstellar clouds showing ammonia emission (Sect. 5.3.5) 
implies that rotational equilibration in interstellar ammonia 
is most probably determined by collision-induced transitions. 
The relevant inelastic cross section is measured incom­
plete due to (i) limited acceptance angle of the microwave de­
tector and (ii) finite state selection efficiency and popu­
lation inversion efficiency at the (2,1) level (only one hyper-
fine component in the (2,1) spectrum is inverted). In order to 
improve the preliminary results the acceptance angle of the 
microwave cavities must be increased. Furthermore the whole 
(2,1) spectrum can be inverted by applying appropriate low 
frequency signals to the mixer diode, which replaces the signal 
oscillator in the single klystron superheterodyne detection 
system SKSDS. A more complete picture of the rotational tran­
sitions induced by collisions between the three Ε-type levels 
can be obtained by a cyclic permutation of the three cavities 
in the maser. 
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CHAPTER 6 
CONCLUSIONS AND OUTLOOK 
Although the present investigation is but a first explo­
ration of the possibilities of beam-beam scattering in a maser, 
some important conclusions can be drawn from the experimental 
results. We have seen that, as the full primary ammonia beam is 
subjected to collisions with molecular hydrogen, the two 
Ε-type levels (I =1/2) of ammonia J=K=1 and J=K=2 are equally 
H 
attenuated, while the attenuation of the A-type level (I =3/2) 
H 
J=K=6 is clearly larger in the forward direction. The effect on 
the metastable J=K levels observed in the beam maser is prima­
rily caused by collisions at large impact-parameters, as is 
also the case in interstellar space. The results obtained in 
the maser emphasize that the derivation of a kinetic tempera­
ture in the interstellar ammonia clouds from the relative in­
tensities of the metastable inversion doublets requires a care­
ful analysis of the relevant collisional and radiative proces­
ses. A kinetic temperature can be determined from the relative 
intensities of the metastable levels in a statistical equili­
brium calculation including both radiative and collisional po­
pulation transport. Cross sections for collision-induced 
rotation-inversion transitions within the same spin configu­
ration must be known for these calculations. Our results indi­
cate that at moderate H_ - densities of about 150 cm the 
collision induced ΔΚ = + 3 transitions are dominant over the 
radiative ΔΚ=+3 processes discussed by Oka et al. (OKA 71). In 
the regions where the inversion emission is seen above the iso­
tropic background continuum the H- - densities must be larger 
-3 
than 400 cm , a density which can be derived from the inelas-
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tic integral cross section of about 27 A for an inversion 
transition induced by collision with H . Thus in regions where 
the ammonia inversion emissions are seen above the isotropic 
background, collision-induced ΔΚ=+3 transitions are more impor­
tant than radiative ΔΚ=+3 transitions in populating the meta-
stable levels. 
The results obtained for polar scatterers show that the 
beam maser machine is suitable for direct measurements of the 
total cross section at specific rotational states. The results 
are interpreted in terms of differential (in)elastic cross 
sections using Born approximation for small angle dipole-dipole 
scattering. The parity selection rule is clearly confirmed in 
the beam experiment with the secondary beam between the in­
verting cavity and the cavity used for detection. Further in­
vestigations, such as simultaneous measurements on E- and A-type 
levels of ammonia, are necessary in this set-up to confirm the 
ΔΚ=0 and ΔΚ=+3 selection rules. Direct inelastic cross section 
measurements in the beam maser form a powerful continuation of 
pressure broadening experiments, where the role of higher order 
electric-multipole moments (dipole-quadrupole, quadrupole-qua-
drupole, dispersion) is far from clear (BIR 67, BER 68). The 
measurements on polar scatterers in the beam maser provide a 
new source of experimental information for the determination of 
the anisotropic long range part of the intermolecular potential. 
Especially for collision partners of astrophysical interest a 
further development of the theory of inelastic collisions is 
needed. This development can be supported by new experimental 
results feasible after an improvement of the experimental con­
ditions in the beam maser. 
The experimental conditions in the beam maser can be im­
proved by i) an increase of the acceptance angle of the micro-
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wave detectors, ii) improved secondary beam source, ili) a new 
modulation technique, iv) a combination of maser and laser de­
tection. 
In order to measure the inelastic cross sections, es­
pecially for the system NH -Η., more effectively, the accep­
tance angle of the microwave cavities must be enlarged. In the 
present machine equipped with cylindrical cavities oscillating 
in the TM
 n
 mode, the acceptance angle can be increased by a 
factor of two by replacing the end caps on the cavities by a 
mesh wire. Cylindrical TE cavities yield comparable acceptance 
angles at an equal length. Open resonators of the parallel 
plate type (LAI 75) allow for an increase of the acceptance 
angle in the plane of the resonator. The use of η.λ/2 spacing 
between the plates with η > 1 does not lead to an increase of 
the acceptance angle in the perpendicular direction. Molecules, 
which cross a nodal plane of the electromagnetic wave pattern 
inside such a resonator, meet a phase reversal of the stimu­
lating field and do not contribute effectively to the reflected 
microwave power. The filling factor of an open resonator, when 
using a single hole nozzle beam is considerably smaller than 
of a cylindrical system. The larger acceptance angle in the 
plane parallel to the plates compensates somewhat for the re­
sulting loss in S/N-ratio (at the same total flow), but optimum 
use of parallel resonators puts high demands upon the molecular 
beams. The primary beam source of a single nozzle must be 
replaced by an array of nozzles and the octopole focuser by a 
double-ladder device (LAI 75) which produces a flat sheet of 
focused molecules in the plane of the resonator. Also the di­
rectional properties o£ the secondary beam must be improved in 
order to have an effective crossing of the beams. A secondary 
nozzle beam would also be advantageous in the present experimen-
174 
tal set-up. The spread in velocity distribution both in direc­
tion and magnitude can be reduced considerably using a nozzle 
source, with simplifies the averaging effort in constructing 
the apparatus function. Also the delay time of about 30s neces­
sary to obtain a stable secondary beam with the effusive source 
after switching it on can be avoided by directing the strongly 
peaked secondary nozzle beam mechanically in and out of the 
primary beam area. Furthermore changes in background gas con­
ditions with and without secondary beam are also eliminated in 
this way. With the increase of the acceptance angle of the 
microwave detectors the necessity of a new theoretical approach 
becomes acute, because the linear path approximation gets rather 
bad. 
In the present experimental set-up (3) more accurate re­
sults on relative cross sections for rotational transitions 
ΔΚ=0, + 3 induced by collision can be obtained if the modu­
lation of the primary beam with the mechanical chopper is re­
placed by a modulation of the population inverting power fed to 
the first cavity (inversion-modulation). Phase sensitive detec­
tion of the rotational contribution to the total microwave atte­
nuation is then possible. A direct study of rotational excita­
tion by collisions is feasible in experimental set-up (1) if 
the population distribution is constrainted to the lowest ro­
tational levels in ammonia. The possibility of further decrease 
of the rotational temperature in the primary ammonia beam in the 
nozzle expansion should be investigated using seeded beam tech­
niques. Digital intensity sampling at an inversion frequency of 
a depleted high lying rotational level with and without colli­
sions with secondary beam molecules gives then direct infor­
mation about the collisional excitation. 
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A considerable increase in sensitivity of the NH.-beam 
maser scattering experiments can be obtained combining the 
microwave technique with laser detection. The laser must be 
selectively tuned to a transition connecting one of the two 
levels of the inversion doublet used for detection with an ex-
cited vibrational or electronic state. The population of the 
inversion level studied is then monitored via the fluorescence 
photons, which are more energetic than the microwave photons. 
Inversion-modulation, as described above, of the doublet stu-
died permits phase sensitive detection of the fluorescence 
photons and eliminates possible errors due to accidental over-
lap with other vibrational or electronic transitions. When 
population inversion modulation with the microwave technique is 
applied in the first cavity of set-up (3) phase sensitive de-
tection of the fluorescence photons which are a measure of a 
specific rotational contribution to the attenuation, is possible. 
Infrared fluorescence accessible for existing molecular lasers 
(NO, CO , CO, references KRE 74, RED 75, KAN 76) might not be 
very effective because of i) poor frequency tuning possibilities 
of these lasers, ii) the long lifetime of the excited vibra-
tional states. Semiconductor diode lasers can overcome the 
tuning problems (HIN 76), but more premising looks optical 
fluorescence accessible via frequency doubling (WEL 75) of the 
radiation of tunable dye lasers or via mixing of a tunable dye 
laser with a laser at a fixed frequency. The diffuse absorption 
bands of ammonia start at 2170 A (HER 45). Having a little 
music of the future we may suggest that this wavelength region 
can be reached via frequency doubling of a COUMARIN 120 dye-
laser or mixing of the fixed Kr-laser line at 5900 A with a 
RHODAMINE 6G dye-laser using a Potassium Pentaborate KPB crystal 
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as non-linear element. 
The present investigation was focused on the ammonia mole-
cule. The reason is obvious. Apart from very favourable Stark 
effect for state selection, ammonia has numerous rotational 
levels accessible in a small frequency range and a gamut of 
collision-induced rotational and inversion transitions can be 
studied. A disadvantage of ammonia in the present type of scat-
tering experiments is the hyperfine splitting of the inversion 
levels. As the coupling constants for the upper and lower 
inversion states are nearly equal, hyperfine splitting is not 
fully resolved in the beam maser. Only cross sections averaged 
over several hyperfine transitions are measured. Furthermore 
it is not possible to verify experimentally the assumption that 
the collision-induced transition probabilities are in first 
order independent of the nuclear spins. Also pre-averaging over 
all M -substates is applied both in the construction of the ap-J 
paratus function and in the evaluation of the differential cross 
sections (or transition probabilities in the linear path approx-
12 -1 
mation) . The sensitivity of the maser (10 mol s ) does not al-
low to select a specific M substate, especially not at higher 
J 
J-values. 
As discussed in Sect. 1.1.3 several other polar molecules 
studied by beam maser spectroscopy (DYM 76) can be investigated 
in the maser scattering machine. Especially the scattering of 
formaldehyde H CO by molecular hydrogen is interesting since 
collisional cooling has been proposed as a possible explanation 
of the anomalous microwave absorption of formaldehyde observed 
in dark nebulae (TOW 69). A quantum mechanical generalization of 
the semiclassical model of Townes and Cheung, evaluating the 
well-known expression for the excitation cross section in terms 
of the scattering amplitude (Eq. 4.53) in sudden approximation, 
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indicates that such cooling occurs only at kinetic temperatures 
above 'Vi 45 К (THA 72). However, a semiclassical approach, ap­
plying S-matrix theory with numerically computed classical tra­
jectories (analogous to the here used straight path model of 
Sect. 4.3), supports the proposal of Townes and Cheung (AUG 74). 
Because the interaction between real (not model) molecules is 
so complex, laboratory tests of the validity of the model of 
Townes and Cheung are necessary. In these tests the relative 
kinetic energy in the collision must be varied. The experiments 
on H CO-Η- performed by Foreman et al. (FOR 75) are not con­
clusive about the proposed pumping mechanisms because (1) only 
measurements using a scattering chamber filled with molecular 
hydrogen at room temperature were performed, and (2) the inelas­
tic and elastic contributions to the total cross section were 
not adequately extracted from the experimental results (see 
Chap. 5). In a beam-beam experiment the relative kinetic energy 
can be better controled. 
Inelastic cross sections for rotational transitions in­
volving low-J K-type doublets in formaldehyde can be measured 
more completely than in the case of ammonia because for formal­
dehyde the acceptance angle of the microwave detector can be 
made quite large. The 1.
л
-1.. transition at 4.829 660 GHz and 
^ ^ 10 11 
the 2 - 2 transition at 14.488 479 GHz corresponds to a 
radius of a TM . cavity of 2.4 and 0.8 cm, respectively. 
In conclusion, it is clear that the development of the 
molecular beam maser as a scattering machine is just in its 
first stage. Especially the combination of the microwave tech­
nique and tunable lasers offers new perspectives to determine 
cross sections for collision-induced rotational transitions. 
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SAMENVATTING 
Dit onderzoek betreft een experimentele studie van het popula-
tietransport in (interstellair) ammoniak (NH..) door botsingen 
met moleculair waterstof (H.) en polaire gassen (NH.., methyl-
fluoride (CH F) en fluoroform (CF H). Het onderzoek werd ver-
richt met een moleculaire bundel maser. 
Het systeem NH -H_ heeft de bijzondere aandacht van de as-
trofysica (naar aanleiding van de niet thermische emissies in 
het microgolfgebied van interstellair NH ).Modellen ter ver-
klaring van deze emissies geven inzicht in de fysische condi-
ties in de betreffende interstellaire wolken. Naast stralings-
processen spelen in deze modellen inelastische botsingen tussen 
NH.. en H een sleutelrol. Speciaal interstellair ammoniak met 
zijn vele inversieovergangen (elk gekoppeld aan een bepaalde 
rotatietoestand) in een betrekkelijk klein frequentiegebied 
vormt een belangrijke toetssteen van de fysische condities in 
de interstellaire wolken. Een korte beschrijving van het rota-
tie-inversiespectrum van NH, samen met de "selectieregels" voor 
overgangen tussen de verschillende niveau's voor zowel stralings-
als botsingsprocessen wordt gegeven in Hoofdstuk 2. Dit hoofd-
stuk wordt afgesloten met een korte beschouwing van de astro-
fysische modellen voor de interstellaire NH -emissies. 
Verrreweg de meeste laboratorium studies van populatie-
transport in ammoniak zijn gedaan in gas (absorptie) cellen. 
Het essentiële probleem bij deze methoden is, dat de stralings-
en botsingsprocessen niet effectief gescheiden kunnen worden. 
In Hoofdstuk 1 wordt beschreven hoe dit wel kan in een bundel-
experiment . 
Een nieuw type verstrooiingsmachine werd gebouwd voor dit 
onderzoek: een bundelmaser verstrooiingsmachine, waarin de 
primaire (NH ) moleculen selectief gedetecteerd kunnen worden 
in verschillende inversie-rotatietoestanden door middel van 
toestandsselectie en gestimuleerde emissie van' de specifieke 
microgolfstraling. De primaire bundel kan op verschillende plaat-
sen verzwakt worden door een secundaire bundel. Een beschrijving 
van de maserverstrooiingsmachine is gegeven in Hoofdstuk 3. 
Eigenschappen van de primaire en secundaire bundels worden be-
discussieerd in relatie tot de verschillende componenten van de 
machine: de supersone broi), toestandsselector en microgolfdetec-
toren voor de primaire bundel, de multi-channel array en 
cryopomp voor de secundaire bundel. 
De verzwakking van het microgolfsignaal is een gevolg van 
nauw verwoven inelastische en elastische botsingsprocessen 
waarbij de effectieve openingshoek van de microgolfdetectoren 
185 
(behalve door de geometrie ook bepaald door o.a. de toestands-
selectie.') een belangrijke factor is. De invloed van de machine 
(geometrie en bundeleigenschappen) wordt, gescheiden van de 
theoretische beschrijving van de relevante botsingsprocessen, 
in rekening gebracht door een apparaatfunctie (sectie 3.7) o.a. 
gebaseerd op met de computer gesimuleerde toestandsselector 
banen. In Sectie 3.6 worden de gebruikte experimentele opstel-
lingen en de specifieke informatie welke deze bieden nader toe-
gelicht: effect van botsingen op bezetting inversie-rotatie-
toestanden (opstelling 1), inelastische cross-secties voor 
inversieovergangen (opstelling 2 ) , bijdrage (+ "selectieregels") 
van rotatieovergangen tot de gemeten verzwakkingen (opstelling 
3). Tot besluit van Hoofdstuk 3 wordt de automatisatie (met een 
PDP/11 computer) van de maser, een noodzakelijke voorwaarde 
voor een efficiënte en adequate verzameling van reproduceerbare 
resultaten in de verschillende opstellingen, beschreven. 
Niet alle condities in de interstellaire wolken kunnen een-
voudig in het laboratorium gesimuleerd worden (tijdschaal!)· 
Populatie transport studies in de interstellaire ruimte zullen 
voornamelijk af moeten gaan op theoretische beschouwingen ge-
baseerd op laboratorium experimenten en resultaten, zoals in-
elastische cross-secties. Het systeem NH -H„ is echter te com-
plex voor een exacte theoretische benadering. Zo'n exacte 
theoretische beschrijving is wél mogelijk voor inelastische 
dipool-dipool verstrooiing met kleine afbuighoeken (Born-bena-
dering. Hoofdstuk 4). Vergelijking van de meetresultaten ver-
kregen voor de polaire botsingspartners met de ab-initio voor-
spellingen uit de Born-benadering stelden ons in staat de ge-
schiktheid van de bundelmaser voor het registreren van inelas-
tische botsingsprocessen te controleren. Eenzelfde vergelijking 
met behulp van een half-klassieke beschrijving van kleine hoek 
inelastische verstrooiing (impactparameter model, Hoofdstuk 4) 
leverde eveneens een goede overeenstemming tussen theorie en 
experiment, waarna dit model ook gehanteerd is in de analyse 
van de experimentele resultaten voor het astrofysisch interes-
sante systeem NH,-H- (Hoofdstuk 5). Cross-secties voor botsings-
geinduceerde inversieovergangen in NH zijn bepaald en rotatie-
overgangen werden kwalitatief ("selectieregels") aangetoond. 
De consequenties van de meetresultaten voor de bovenge-
noemde astrofysische modellen zijn besproken in Hoofdstuk 5 en 6 
terwijl tot slot enkele suggesties worden gedaan om de bundel-
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S T E L L I N G E N 
1 
Semi-klassieke theorieën geven vaak een nauwkeurige beschrijving van quan 
turn mechanische effecten m moleculaire botsingen. Zo kan de totale 
botsmgsdoorsnede met de quantum mechanische glorie undulaties voor 
H2-edelgas systemen goed beschreven worden met een semi klassieke theorie 
D Klaassen, H. Thuis, S. Stolte en J Reuss, 
Chem Phys 27, 107 (1978) 
2 
Het is opvallend dat hetzelfde glorie undulatie patroon voor NO-edelgassen 
met zeer verschillende anisotrope potentialen welke echter op ongeveer een-
zelfde mtermoleculaire afstand aan elkaar gelijk worden, beschreven kan wor-
den Hieruit kan geconcludeerd worden dat slechts een beperkt gebied van de 
mtermoleculaire potentiaal afgetast wordt bij anisotrope glorie undulatie me-
tingen 
D Klaassen, H Thuis, S Stolte en J. Reuss, 
Chem Phys 27, 107 (1978) 

3 
De heterodyne methode met een HCN laser en een klystron zoals gebruikt 
door Sauter en Schultz ter bepaling van het conversie verlies voor funda-
mentele mixing bij 891 GHz is onjuist. 
E. Sauter en G.V. Schultz, IEEE Trans. Mi-
crow. Theory Techn. MTT-25, 468 (1977) 
O. Gehre, IEEE Trans. Microw. Theory 
Techn. MTT-22, 1061 (1974) 
4 
De door Fabricant e.a. gerapporteerde absolute frequenties voor de rotatie 
spectra met hyperfi jn opsplitsing van formaldehyde, thioformaldehyde en 
keteen, verkregen met een microstrip configuratie in een MBER spektro-
meter, moeten voor Doppler verschuiving gecorrigeerd worden. 
B. Fabricant, D. Krieger en J.S. Muenter, 
J. Chem. Phys. 67, 1576(1977) 
5 
De discrepantie (ca. een factor 4) tussen de fotoelectrische botsings-
doorsneden met en zonder de Coulomb interactie voor het vrijgekomen elec-
tron (zie Fig. 9.2, referentie) kan voor het grootste gedeelte verklaard worden 
door de onconventionele introductie van de electrische dipoolbenadering (ver-
gelijking 8.48, referentie) welke makkelijk to t fouten leidt. 
R. Loudon, "The Quantum theory of l ight" , 
Clarendon Press, Oxford (1973) 
6 
De spin-rotatie en spin-spin interactie termen voor waterstof (H) welke 
Kukolich meeneemt in zijn fit van het hypprfijnp spectrum van de J=1-0 
overgang in CH2DCI kan op fysische gronden gelijk aan nul gesteld worden. 
S.G. Kukolich, J. Chem. Phys. 55, 4488 
(1971) 
7 
De aanname van Lengel en Crosley dat de relatievp waarschijnlijkheden voor 
botsingsgemduceerde rotatieovergangen van OH onafhankelijk zijn van de 
aard van de in de OH productiezone aanwezige gassen is tamelijk ongefun-
deerd. 
R.K. Lengel en D.R. Crosley, 
J. Chem. Phys. 67, 2085 (1977) 
Het probleem van de parkeerstudenten is geen parkeerprobleem. 
Nijmegen, 26 januari 1978 J.M.H. Rcijnders 


